Nutrients and primary production in the Flinders River<br /> by Faggotter, S. et al.
 
 
 
 
 
 
 
 
 
 
 
 
1 Griffith University 
2 Tropical Rivers and Coastal Knowledge Research Hub 
3 CSIRO Land and Water 
 
 
 
 
 
 
 
 
Nutrients and primary 
production in the Flinders 
River 
 
S. Faggotter1,2, M. Burford1,2, B.J. Robson3,2, 
I.T. Webster3,2 
March, 2011 
 
 
Disclaimer 
TRaCK has published the information contained in this publication to assist public knowledge 
and discussion and to help improve the sustainable management of Australia’s tropical rivers 
and coasts. Where technical information has been prepared by or contributed by authors 
external to TRaCK, readers should contact the author(s), and conduct their own enquiries, 
before making use of that information. No person should act on the contents of this 
publication whether as to matters of fact or opinion or other content, without first obtaining 
specific independent professional advice which confirms the information contained within this 
publication. 
 
While all reasonable efforts have been made to ensure that the information in this publication 
is correct, matters covered by the publication are subject to change. Charles Darwin 
University does not assume and hereby disclaims any express or implied liability whatsoever 
to any party for any loss or damage caused by errors or omissions, whether these errors or 
omissions result from negligence, accident or any other cause. 
 
Copyright 
This publication is copyright. Apart from any fair dealing for the purpose of private study, 
research, criticism or review as permitted under the Copyright Act, no part may be 
reproduced, by any process, without written permission from the publisher, Enquiries should 
be made to the publisher, Charles Darwin University, c/- TRaCK, Casuarina Campus, 
Building Red 1 Level 3, Darwin NT 0909. 
 
TRaCK brings together leading tropical river researchers and managers from Charles Darwin 
University, Griffith University, the University of Western Australia, CSIRO, James Cook 
University, the Australian National University, Geoscience Australia, the Environmental 
Research Institute of the Supervising Scientist, the Australian Institute of Marine Science, the 
North Australia Indigenous Land and Sea Management Alliance, and the Governments of 
Queensland, the Northern Territory and Western Australia. 
 
TRaCK receives major funding for its research through the Australian Government's 
Commonwealth Environment Research Facilities initiative; the Australian Government's 
Raising National Water Standards Program; Land and Water Australia; the Fisheries 
Research and Development Corporation and the Queensland Government's Smart State 
Innovation Fund. 
 
 
Faggotter, S., Burford, M., Robson, B.J. and Webster, I.T. (2011). Nutrients and primary 
production in the Flinders River. Charles Darwin University, Darwin. 
 
For further information about this publication: 
Barbara Robson, CSIRO 
Email: barbara.robson@csiro.au 
 
 
Or to find out more about TRaCK 
Visit:  http://www.track.gov.au/  ISBN:  978-1-921576-38-6 
Email:  track@cdu.edu.au  Published by:  Charles Darwin University 
Phone:  08 8946 7444  Printed by:      CSIRO Land and Water 
 
	  
	  
2	  
	  
Acknowledgements 
This	  work	  was	  funded	  by	  the	  Tropical	  Rivers	  and	  Coastal	  Knowledge	  (TRaCK)	  research	  
hub,	  with	  in-­‐kind	  support	  from	  CSIRO,	  and	  Griffith	  University.	  TRaCK	  receives	  major	  
funding	  for	  its	  research	  through	  the	  Australian	  Government’s	  Commonwealth	  
Environment	  Research	  Facilities	  initiative;	  the	  Australian	  Government’s	  Raising	  
National	  Water	  Standards	  Program;	  Land	  and	  Water	  Australia;	  the	  Fisheries	  Research	  
and	  Development	  Corporation	  and	  the	  Queensland	  Government’s	  Smart	  State	  
Innovation	  Fund.	  
Thanks	  to	  Dominic	  Valdez,	  Catherine	  Leigh,	  Richard	  Hunt,	  Tim	  Jardine,	  Stephen	  
Moore,	  Matthew	  Whittle,	  Joanne	  Burton	  (Griffith	  University)	  for	  assistance	  with	  
sampling,	  Cowan	  Downs	  and	  Canobie	  Station	  managers	  and	  staff	  for	  their	  help	  and	  
allowing	  access,	  Stephen	  Balcombe	  (Griffith	  University)	  for	  help	  with	  experimental	  
design,	  James	  Fawcett	  (DERM)	  for	  bathymetry	  data,	  	  Tim	  Jardine	  (Griffith	  University),	  
Dominic	  Valdez	  (Griffith	  University),	  James	  Fawcett	  (Government	  of	  Queensland,	  
DERM)	  and	  Jonathon	  Mashall	  (Government	  of	  Queensland,	  DERM),	  who	  also	  joined	  
the	  authors	  of	  this	  report	  in	  a	  workshop	  to	  develop	  the	  conceptual	  model	  presented	  
at	  the	  end	  of	  this	  report.	  
	  
	  
3	  
Table of Contents	  
Acknowledgements ...................................................................................................... 2	  
1.	   Abstract ................................................................................................................ 6	  
2.	   Introduction.......................................................................................................... 6	  
1.1.	   Sediments,	  nutrients	  and	  ecology	  in	  Australian	  tropical	  rivers ..................... 7	  
1.2.	   The	  Flinders	  Basin .......................................................................................... 9	  
1.3.	   The	  Flinders	  River........................................................................................... 9	  
Water	  balance ...................................................................................................... 9	  
Classifications ..................................................................................................... 10	  
Sediments,	  nutrients,	  and	  ecology	  in	  the	  Flinders	  River .................................... 10	  
Other	  work.......................................................................................................... 11	  
1.4.	   Aims	  of	  the	  present	  study ............................................................................ 12	  
3.	   Methods ............................................................................................................. 12	  
3.1.	   Field	  sampling .............................................................................................. 12	  
3.2.	   Analysis ........................................................................................................ 15	  
3.3.	   Process	  studies............................................................................................. 15	  
3.3.1.	   Water	  column	  primary	  productivity ..................................................... 15	  
3.3.1.	   Nutrient	  addition	  experiments ............................................................. 16	  
3.4.	   Nutrient	  budgets.......................................................................................... 16	  
4.	   Results	  &	  Discussion ........................................................................................... 17	  
4.1.	   Water	  quality	  measures............................................................................... 17	  
4.2.	   Fish	  and	  crustacean	  measures ..................................................................... 30	  
4.3.	   Process	  studies............................................................................................. 35	  
4.3.1.	   Water	  column	  primary	  productivity ..................................................... 35	  
4.3.1.	   Nutrient	  addition	  experiments ............................................................. 36	  
4.4.	   Nitrogen	  and	  Phosphorus	  Budgets .............................................................. 37	  
5.	   Conceptual	  Model .............................................................................................. 41	  
6.	   Conclusions......................................................................................................... 42	  
References .................................................................................................................. 44	  
	  
	  
	  
4	  
Table of Figures	  	  
Figure	  1	  Sampling	  sites	  on	  Flinders	  River,	  as	  seen	  in	  a	  Google	  Earth	  screen	  shot	  
(insert:	  location	  within	  Australia). .............................................................................. 13	  
Figure	  2	  Ten-­‐mile	  and	  Off-­‐channel	  waterholes	  (photos:	  Stephen	  Faggotter)............. 13	  
Figure	  3	  Mean	  (±	  SD)	  water	  column	  ammonium	  concentrations	  in	  the	  waterholes	  
over	  dry	  season.	  Note	  –	  Bars	  without	  ±	  SD	  indicate	  no	  difference	  among	  replications,	  
n=4,	  except	  Off-­‐channel	  n=2.*=no	  samples	  were	  taken	  during	  this	  period.	  Dashed	  line	  
indicates	  detection	  limit	  (<0.002). .............................................................................. 20	  
Figure	  4	  Mean	  (±	  SD)	  water	  column	  nitrate+nitrite	  concentrations	  in	  the	  waterholes	  
over	  dry	  season.	  Note	  –	  Bars	  without	  ±	  SD	  indicate	  no	  difference	  among	  replications.	  
(n	  =	  4,	  except	  Off-­‐	  channel	  n	  =	  2).	  *=	  samples	  were	  not	  collected	  during	  that	  period.	  
Dashed	  line	  indicates	  detection	  limit	  (<0.001)............................................................ 21	  
Figure	  5	  Mean	  (±	  SD)	  water	  column	  phosphate	  concentrations	  in	  the	  waterholes	  over	  
dry	  season.	  Note	  –	  Bars	  without	  ±	  SD	  indicate	  no	  difference	  among	  replications.	  (n	  =	  
4,	  except	  Off-­‐channel	  n	  =	  2).	  *	  =	  samples	  were	  not	  collected	  during	  that	  period.	  
Dashed	  line	  indicates	  detection	  limit	  (<0.001)............................................................ 21	  
Figure	  6	  Mean	  (±	  SD)	  water	  column	  total	  nitrogen	  concentrations	  in	  the	  waterholes	  
over	  dry	  season	  (n	  =	  4,	  except	  Off-­‐channel	  n	  =	  2).	  *	  =	  samples	  were	  not	  collected	  
during	  that	  period....................................................................................................... 22	  
Figure	  7	  Mean	  (±	  SD)	  water	  column	  total	  phosphorus	  concentrations	  in	  the	  
waterholes	  over	  dry	  season	  Note	  –	  Bars	  without	  ±	  SD	  indicate	  no	  difference	  among	  
replications,	  (n	  =	  4,	  except	  Off-­‐channel	  n	  =	  2).	  *	  =	  samples	  were	  not	  collected	  during	  
that	  period.	  Dashed	  line	  indicates	  detection	  limit	  (<0.01). ......................................... 22	  
Figure	  8	  Percentages	  of	  PN,	  DON,	  NH4,	  NOX	  in	  all	  waterholes	  during	  the	  mid-­‐	  and	  late	  
dry	  (n	  =	  1).	  MD	  =	  mid-­‐dry,	  LD	  =	  late-­‐dry. .................................................................... 23	  
Figure	  9	  Percentages	  of	  PP,	  DOP,	  FRP	  in	  all	  waterholes	  during	  the	  mid-­‐	  and	  late	  dry	  (n	  
=	  1).	  MD	  =	  mid-­‐dry,	  LD	  =	  late-­‐dry................................................................................ 23	  
Figure	  10	  Mean	  (±	  SD)	  water	  column	  chlorophyll	  a	  concentrations	  in	  the	  waterholes	  
over	  dry	  season	  (n	  =	  6,	  except	  Off-­‐channel	  n	  =	  3).	  *	  samples	  were	  not	  collected	  during	  
that	  period. ................................................................................................................. 24	  
Figure	  11	  Mean	  (±SD)	  sediment	  chlorophyll	  a	  concentrations	  in	  the	  waterholes	  over	  
three	  sampling	  periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  6,	  except	  Off-­‐channel	  n	  =	  
3)................................................................................................................................. 25	  
Figure	  12	  DOC	  and	  DIC	  concentrations	  in	  the	  waterholes	  over	  three	  sampling	  periods	  
throughout	  the	  2009	  dry	  season	  (n	  =	  1). .................................................................... 26	  
Figure	  13	  Mean	  (±	  SD)	  water	  column	  total	  suspended	  solids	  concentrations	  in	  the	  
waterholes	  over	  three	  sampling	  periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  6,	  
except	  Off-­‐channel	  n	  =	  3)............................................................................................ 27	  
Figure	  14	  Mean	  (±SD)	  δ15N	  values	  of	  the	  water	  column	  in	  the	  waterholes	  over	  three	  
sampling	  periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  2,	  except	  Off-­‐channel:	  early	  
dry	  n	  =	  3;	  mid-­‐	  and	  late-­‐dry	  n	  =	  1). ............................................................................. 28	  
Figure	  15	  Mean	  (±SD)	  δ15N	  values	  of	  waterhole	  sediments	  over	  two	  sampling	  periods	  
throughout	  the	  2009	  dry	  season	  (n	  =	  4). .................................................................... 28	  
	  
	  
5	  
Figure	  16	  Mean	  (±	  SD)	  phosphorus	  concentrations	  of	  waterhole	  sediments	  over	  two	  
sampling	  periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  4). ........................................ 29	  
Figure	  17	  Mean	  (±SD)	  δ15N	  values	  in	  floodplain	  soils	  adjacent	  to	  waterholes	  during	  
the	  mid-­‐dry,	  2009	  (n	  =	  4). ........................................................................................... 29	  
Figure	  18	  Mean	  (±	  SD)	  phosphorus	  concentrations	  in	  floodplain	  soils	  adjacent	  to	  
waterholes	  during	  the	  mid-­‐dry,	  2009	  (n	  =	  4). ............................................................. 30	  
Figure	  19	  Total	  CPUE	  of	  all	  22	  species	  in	  all	  waterholes	  during	  the	  three	  sampling	  
periods	  over	  the	  2009	  dry	  season	  based	  on	  large	  fyke	  nets	  except	  for	  Off-­‐channel	  
late-­‐dry	  where	  smaller	  fyke	  nets	  were	  used. .............................................................. 31	  
Figure	  20	  Standardised	  total	  biomass	  all	  fish	  caught	  in	  all	  waterholes	  during	  the	  three	  
sampling	  periods	  over	  the	  2009	  dry	  season	  based	  on	  large	  fyke	  nets	  except	  for	  Off-­‐
channel	  late-­‐dry	  where	  smaller	  fyke	  nets	  were	  used.................................................. 32	  
Figure	  21	  Length-­‐weight	  relationship	  of	  P.	  gulliveri	  in	  all	  waterholes	  throughout	  the	  
2009	  dry	  season.......................................................................................................... 34	  
Figure	  22	  Length-­‐weight	  relationship	  of	  N.	  erebi	  in	  all	  waterholes	  throughout	  the	  
2009	  dry	  season.......................................................................................................... 34	  
Figure	  23	  Zooplankton	  dry	  weight	  for	  all	  waterholes	  over	  the	  three	  sampling	  periods	  
during	  the	  2009	  dry	  season	  (n=2,	  except	  for	  Off-­‐channel	  late-­‐dry	  n=1). .................... 35	  
Figure	  24	  Depth-­‐integrated	  primary	  production	  for	  all	  waterholes	  in	  October	  2009 . 36	  
Figure	  25	  Photosynthetic	  yield	  response	  of	  phytoplankton	  for	  all	  waterholes	  
measured	  in	  October	  2009. ........................................................................................ 37	  
Figure	  26	  Nitrogen	  mass	  in	  Flinders	  River	  water-­‐holes.	  Surveys	  1,	  2,	  and	  3	  refer	  to	  the	  
surveys	  in	  early	  June	  2009,	  late	  August	  2009,	  and	  early	  October	  2009,	  respectively.	  In	  
each	  case,	  the	  bars	  represent	  the	  total	  mass	  of	  a	  particular	  nutrient	  species	  
calculated	  as	  the	  product	  of	  its	  measured	  concentration	  and	  the	  estimated	  
waterhole	  volume	  at	  the	  time	  of	  each	  survey............................................................ 39	  
Figure	  27	  Phosphorus	  mass	  in	  Flinders	  River	  waterholes.	  Surveys	  1,	  2,	  and	  3	  refer	  to	  
the	  surveys	  in	  early	  June	  2009,	  late	  August	  2009,	  and	  early	  October	  2009,	  
respectively.	  In	  each	  case,	  the	  bars	  represent	  the	  total	  mass	  of	  a	  particular	  nutrient	  
species	  calculated	  as	  the	  product	  of	  its	  measured	  concentration	  and	  the	  estimated	  
waterhole	  volume	  at	  the	  time	  of	  each	  survey............................................................ 40	  
Figure	  28	  Conceptual	  model	  of	  hydrology,	  nutrients	  and	  light,	  primary	  production,	  
zooplankton	  and	  fish	  in	  the	  Flinders	  River.	  Thanks	  to	  Dominic	  Valdez	  (Griffith	  
University)	  for	  compiling	  this	  figure	  from	  the	  workshop	  notes	  and	  to	  Tim	  Jardine	  
(Griffith	  University),	  James	  Fawcett	  (Government	  of	  Queensland,	  DERM)	  and	  
Jonathon	  Mashall	  (Government	  of	  Queensland,	  DERM),	  who	  also	  joined	  the	  authors	  
of	  this	  report	  in	  constructing	  this	  conceptual	  model	  during	  this	  workshop. ............. 41	  
	  
	  
6	  
	  
1. Abstract 
Dryland	  tropical	  rivers	  have	  until	  now	  been	  relatively	  little-­‐studied,	  which	  has	  limited	  
our	  capacity	  to	  predict	  how	  they	  might	  respond	  to	  catchment	  changes.	  Previous	  
preliminary	  work	  in	  the	  Flinders	  River	  had	  raised	  the	  possibility	  that	  primary	  
productivity	  in	  this	  system	  was	  not	  limited	  by	  light	  or	  nutrients,	  but	  by	  top-­‐down	  
control.	  To	  test	  this	  hypothesis	  and	  improve	  understanding	  of	  the	  biogeochemical	  
and	  ecological	  functioning	  of	  Australian	  dryland	  tropical	  rivers,	  we	  measured	  water	  
quality,	  primary	  productivity,	  fish	  and	  zooplankton	  numbers	  in	  in-­‐channel	  and	  off-­‐
channel	  waterhole	  sites	  of	  the	  Flinders	  River	  (Queensland)	  in	  the	  early-­‐	  mid-­‐	  and	  
late-­‐dry	  season	  of	  2009.	  We	  found	  that	  waterhole	  depth	  influenced	  water	  quality	  as	  
well	  as	  hydrology	  and	  that	  phytoplankton	  reached	  a	  maximum	  biomass	  early	  in	  the	  
dry	  season,	  limited	  by	  dissolved	  inorganic	  nutrient	  availability.	  Nutrient	  and	  
chlorophyll	  concentrations	  increased	  over	  the	  course	  of	  the	  dry	  season,	  but	  this	  was	  
due	  to	  evapo-­‐concentration	  as	  waterhole	  volumes	  declined	  rather	  than	  to	  any	  
biological	  effect.	  We	  found	  no	  evidence	  for	  top-­‐down	  control	  of	  primary	  productivity	  
in	  this	  system.	  
2. Introduction 
The	  Tropical	  Rivers	  and	  Coastal	  Knowledge	  research	  hub	  (TRaCK)	  aims	  to	  provide	  the	  
science	  and	  knowledge	  that	  governments,	  communities	  and	  industries	  need	  for	  the	  
sustainable	  use	  and	  management	  of	  Australia's	  tropical	  rivers	  and	  estuaries.	  TRaCK	  
Theme	  4	  (Materials	  Budgets)	  was	  designed	  to	  develop	  the	  knowledge	  and	  models	  
required	  to	  predict	  and	  monitor	  the	  effects	  of	  current	  and	  future	  changes	  (including	  
developments	  in	  land	  use	  and	  climate	  change)	  on	  the	  sources,	  amounts	  and	  
movement	  of	  water,	  carbon,	  sediment,	  and	  major	  nutrients	  (nitrogen	  and	  
phosphorus).	  This	  project,	  Project	  4.3,	  focuses	  on	  in-­‐stream	  sediments	  and	  nutrients	  
in	  tropical	  rivers,	  processing	  of	  sediments	  and	  nutrients	  within	  river	  systems	  and	  
their	  impact	  on	  primary	  production	  (the	  growth	  of	  algae	  and	  other	  aquatic	  plants)	  
and	  river	  metabolism.	  In	  so	  doing,	  the	  project	  is	  an	  essential	  link	  between	  the	  TRaCK	  
projects	  in	  Theme	  4	  studying	  river	  flows,	  carbon,	  nutrient	  and	  sediment	  inputs	  and	  
Theme	  5	  projects	  studying	  food-­‐webs	  and	  patterns	  of	  biodiversity.	  The	  ultimate	  aim	  
of	  the	  project	  is	  to	  improve	  our	  capacity	  to	  predict	  how	  tropical	  Australian	  rivers	  are	  
likely	  to	  respond	  to	  changes	  in	  catchment	  land	  use	  or	  water	  management	  that	  may	  
lead	  to	  changes	  in	  flow,	  nutrient	  and	  sediment	  loads.	  
Project	  4.3	  focuses	  on	  two	  case	  studies,	  the	  Daly	  River	  in	  the	  Northern	  Territory,	  and	  
Flinders	  River	  in	  the	  southern	  Gulf	  of	  Carpentaria,	  Queensland.	  	  Results	  for	  the	  Daly	  
River	  have	  been	  described	  in	  the	  report	  “Towards	  understanding	  the	  impacts	  of	  land	  
management	  on	  productivity	  in	  the	  Daly	  River”	  (Robson	  et	  al.	  2010).	  This	  report	  
describes	  the	  Flinders	  River	  study.	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1.1. Sediments, nutrients and ecology in 
Australian tropical rivers 
Hamilton	  and	  Gehrke	  (2005)	  reviewed	  knowledge	  of	  Australia’s	  tropical	  river	  systems	  
concluding	  that	  these	  systems	  were	  poorly	  understood	  and	  existing	  knowledge	  was	  
insufficient	  to	  support	  policy	  and	  planning	  decisions.	  	  This	  echoed	  the	  findings	  of	  the	  
Australian	  tropical	  rivers	  data	  audit	  (NGIS	  Australia	  2004).	  	  Hamilton	  and	  Gehrke	  
(2005)	  identified	  a	  need	  for	  research	  aimed	  at	  “improved	  quantification	  of	  available	  
water	  resources,	  hydrological,	  biogeochemical	  and	  ecological	  linkages	  at	  system	  
scales,	  understanding	  and	  valuing	  ecosystem	  processes	  and	  services,	  and	  projecting	  
the	  effects	  of	  long-­‐term	  climate	  change.”	  	  TRaCK	  projects,	  including	  the	  present	  
study,	  have	  worked	  to	  fill	  these	  important	  knowledge	  gaps.	  
Much	  of	  the	  understanding	  of	  tropical	  rivers	  that	  we	  do	  have	  is	  based	  on	  the	  east	  
coast	  of	  Australia.	  Dryland	  rivers,	  such	  as	  the	  southern	  Gulf	  of	  Carpentaria	  rivers,	  are	  
less	  well	  understood.	  
Tropical	  rivers	  are	  shaped	  and	  defined	  by	  the	  tropical	  climate.	  Strong	  but	  irregular	  
flows,	  often	  associated	  with	  storm	  events,	  characterise	  the	  wet	  season,	  while	  dry	  
season	  flows	  are	  low	  or	  non-­‐existent.	  These	  strong	  hydrological	  drivers	  control	  the	  
biogeochemical	  function	  of	  these	  systems	  as	  well	  as	  ecological	  function	  and	  
biodiversity	  (Leigh	  and	  Sheldon	  2008;	  2009).	  	  	  
Large	  flood	  pulses	  during	  the	  wet	  season	  bring	  sediments,	  nutrients	  and	  carbon	  to	  
dryland	  rivers,	  leading	  to	  “a	  boom	  of	  production	  on	  inundated	  floodplains	  and	  in	  
terminating	  wetlands”	  (Bunn	  et	  al.	  2006).	  	  In	  dryland	  rivers,	  fish	  biomass	  increases	  as	  
juvenile	  fish	  spread	  over	  the	  floodplain,	  grazing	  on	  the	  diverse	  food	  available	  on	  the	  
floodplain	  before	  retreating	  to	  waterholes	  as	  flood	  flows	  recede	  (Leigh	  et	  al.	  2010).	  	  
In	  the	  river	  channel	  and	  its	  inundated	  waterholes,	  however,	  highly	  energetic	  flows	  
during	  flood	  events	  probably	  allows	  for	  little	  trapping	  of	  material	  and	  limited	  time	  
for	  processes	  such	  as	  denitrification	  to	  become	  significant	  (Brodie	  and	  Mitchell	  
2005).	  
During	  the	  dry	  season,	  by	  contrast,	  residence	  times,	  particularly	  in	  the	  isolated	  
waterholes	  of	  seasonal	  tropical	  rivers,	  are	  long	  and	  in-­‐channel	  biogeochemical	  
processes	  are	  much	  more	  likely	  to	  be	  important.	  	  
Bunn	  et	  al.	  (2006)	  report	  that	  waterholes	  of	  inland	  dryland	  rivers	  can	  persist	  for	  up	  
to	  two	  years	  between	  flood	  events	  without	  surface	  or	  groundwater	  inflow.	  Benthic	  
algal	  production	  in	  these	  rivers	  is	  high	  (several	  g	  C/m2/d)	  and	  littoral	  zone	  benthic	  
algal	  production	  is	  important	  to	  the	  food	  web.	  	  When	  smaller	  flow	  events	  occur,	  they	  
may	  limit	  benthic	  production	  and	  place	  waterhole	  consumers	  such	  as	  fish	  under	  
stress.	  Dams	  tend	  to	  increase	  the	  frequency	  and	  duration	  of	  flow	  pulses	  (i.e.	  pulses	  
of	  flow	  within	  the	  river	  channel,	  as	  opposed	  to	  flood	  pulses,	  which	  are	  large	  enough	  
to	  exceed	  the	  river	  banks).	  	  Increased	  flow	  pulses	  can	  lead	  to	  a	  suppression	  of	  algal	  
production	  during	  flows,	  and	  subsequent	  ecological	  decline	  in	  the	  longer	  term.	  	  
These	  inland	  dryland	  rivers,	  however,	  have	  a	  more	  intermittent	  flow	  regime	  than	  
tropical	  dryland	  rivers	  (Kennard	  et	  al.	  2010).	  Therefore,	  annual	  flooding	  may	  play	  a	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greater	  role	  in	  tropical	  systems	  like	  the	  Flinders	  River,	  and	  tropical	  dryland	  rivers	  
may	  be	  less	  vulnerable	  to	  changes	  in	  flow	  regimes.	  
Although	  algal	  production	  appears	  to	  be	  disproportionately	  important	  as	  a	  source	  of	  
carbon	  in	  tropical	  aquatic	  systems	  (Hamilton	  and	  Gehrke	  2005),	  the	  controls	  on	  algal	  
production	  in	  these	  systems	  have	  received	  little	  attention.	  	  Leigh	  (2008)	  argued	  that	  
algal	  productivity	  in	  Flinders	  River	  waterholes	  during	  the	  dry	  season	  was	  controlled	  
by	  grazers	  rather	  than	  light	  and	  nutrient	  availability.	  
How	  are	  Australian	  tropical	  rivers	  changing?	  Brodie	  and	  Mitchell	  (2005),	  speaking	  
primarily	  on	  the	  tropical	  rivers	  of	  Australia’s	  east	  coast,	  argue	  that	  “historical	  
conditions	  in	  these	  systems	  were	  probably	  characterised	  by	  low-­‐moderate	  SS	  
[suspended	  sediment]	  concentrations	  and	  low	  concentrations	  of	  dissolved	  inorganic	  
nitrogen	  and	  phosphorus	  in	  flow	  events.”	  	  They	  suggest	  that	  grazing	  in	  many	  tropical	  
catchments	  has	  probably	  increased	  suspended	  sediment	  and	  particulate	  nutrient	  
loads	  during	  flow	  events,	  while	  areas	  of	  fertilised	  agriculture	  have	  increased	  
dissolved	  nutrient	  loads	  to	  some	  rivers.	  	  Further	  north	  and	  inland,	  catchments	  are	  so	  
far	  less	  developed	  agriculturally,	  and	  are	  generally	  drier	  than	  on	  the	  east	  coast,	  
however	  if	  catchment	  land	  use	  intensifies	  as	  Northern	  Australia	  is	  further	  developed,	  
we	  may	  see	  a	  replication	  of	  such	  trends.	  
So	  far,	  hydrological	  connectivity	  appears	  to	  be	  intact	  in	  most	  Australian	  tropical	  
rivers	  (Pettit	  et	  al.	  2010),	  in	  contrast	  with	  the	  temperate	  rivers	  of	  Australia’s	  south.	  
Future	  water	  resource	  development	  in	  the	  north	  is	  expected	  to	  change	  inter-­‐annual	  
flow	  variability	  in	  some	  tropical	  rivers	  and	  this	  is	  likely	  to	  adversely	  impact	  
connectivity,	  biodiversity	  and	  ecological	  function.	  	  	  
Chessman	  and	  Townsend	  (2010)	  present	  evidence	  that	  the	  impact	  of	  catchment	  land	  
use	  changes	  on	  tropical	  rivers	  does	  not	  always	  follow	  the	  same	  pattern	  as	  the	  impact	  
of	  similar	  changes	  on	  temperate	  Australian	  rivers.	  In	  particular,	  they	  found	  little	  
evidence	  that	  the	  pH	  and	  salinity	  of	  Australian	  tropical	  rivers	  have	  changed	  as	  a	  
function	  of	  catchment	  development	  (in	  contrast	  with	  temperate	  rivers)	  and	  one	  
result	  of	  this	  is	  that	  biotic	  indices	  of	  disturbance	  developed	  for	  temperate	  rivers	  
(such	  as	  the	  diatom-­‐based	  DSIAR	  index)	  are	  not	  applicable	  to	  tropical	  rivers.	  
As	  well	  as	  responding	  to	  changes	  in	  catchment	  land	  use	  and	  water	  allocation,	  
tropical	  rivers	  will	  be	  affected	  by	  continued	  climate	  change	  in	  coming	  years.	  	  
Hamilton	  (2010)	  discusses	  three	  main	  ways	  through	  which	  climate	  change	  will	  
influence	  these	  systems,	  dividing	  the	  impacts	  into	  (1)	  the	  physical,	  biogeochemical	  
and	  biological	  effects	  of	  changes	  in	  aquatic	  thermal	  regimes;	  (2)	  changes	  in	  
hydrological	  regimes;	  and	  (3)	  changes	  in	  the	  freshwater-­‐seawater	  interface	  in	  
estuaries.	  Changes	  in	  mineral	  dissolution	  and	  precipitation	  are	  also	  likely	  as	  CO2	  
concentrations	  increase.	  	  Hamilton’s	  (2010)	  review	  presents	  a	  conceptual	  model	  that	  
is	  a	  solid	  basis	  for	  beginning	  research	  on	  these	  impacts,	  but	  detailed	  studies	  of	  these	  
impacts	  are	  so	  far	  lacking,	  as	  are	  long-­‐term	  monitoring	  programmes	  that	  will	  be	  
capable	  of	  detecting	  such	  changes.	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Comprehensive	  baseline	  studies	  of	  Australian	  tropical	  rivers	  are	  very	  limited,	  which	  
presents	  a	  problem	  for	  prediction	  or	  detection	  of	  change.	  	  
Previous	  scientific	  literature	  regarding	  the	  Flinders	  River	  in	  particular	  is	  sparse,	  in	  
part	  because	  the	  River	  is	  remote	  and	  inaccessible	  during	  flooding.	  	  	  
1.2. The Flinders Basin 
The	  Flinders	  Basin	  covers	  an	  area	  of	  approximately	  109,400	  km2,	  through	  which	  the	  
Flinders	  River	  runs	  from	  the	  Great	  Dividing	  Range	  and	  eventually	  into	  the	  Gulf	  of	  
Carpenteria	  through	  a	  bifurcation	  to	  form	  the	  Bynoe	  River	  9	  km	  west	  of	  Karumba,	  
and	  a	  delta	  25	  km	  west	  of	  Karumba,	  Queensland	  (Australian	  Government	  2008).	  	  The	  
major	  tributaries	  of	  the	  river	  are	  the	  Cloncurry	  and	  Corella	  Rivers	  (Australian	  
Government	  2008).	  	  Pastoral	  activity	  (cattle	  and	  sheep	  farming)	  currently	  dominates	  
catchment	  land	  use,	  though	  development	  of	  irrigated	  agriculture	  has	  been	  proposed	  
(DNRM	  (Department	  of	  Natural	  Resources	  and	  Mines)	  2003).	  	  Only	  approximately	  5	  
km2	  of	  irrigated	  croplands	  currently	  exist	  in	  the	  catchment.	  
The	  Flinders	  floodplain	  is	  underlain	  by	  the	  Wondoola	  Beds	  aquifers,	  a	  collection	  of	  
thin	  (5-­‐10m)	  aquifers	  in	  “minor	  sand	  and	  gravel	  lenses	  within	  predominantly	  clay	  
sequences”.	  	  These	  aquifers	  are	  not	  believed	  to	  be	  productive	  or	  well-­‐connected,	  are	  
brackish,	  and	  have	  limited	  connectivity	  with	  watercourses.	  	  The	  Flinders	  River	  itself	  is	  
underlain	  by	  the	  Flinders	  River	  alluvium	  aquifer	  unit,	  8-­‐10	  km	  wide	  and	  18-­‐25	  m	  
thick),	  a	  better	  connected	  aquifer	  unit	  with	  good	  water	  quality,	  primarily	  recharged	  
by	  rainfall	  (Australasian	  Groundwater	  and	  Environmental	  Consultants	  Pty	  Ltd.	  2006).	  
The	  climate	  is	  arid	  with	  summer-­‐dominated	  rainfall.	  	  Wet-­‐season	  flows	  are	  
dominated	  by	  heavy	  rainfall	  associated	  with	  storms	  and	  cyclones	  and	  the	  
subsequent	  catchment	  runoff.	  	  Because	  major	  floods	  affect	  towns	  in	  the	  catchment,	  
the	  Bureau	  of	  Meteorology	  operates	  a	  flood	  warning	  system	  using	  rainfall	  and	  river	  
stage	  observations	  (Australian	  Government	  2008).	  Stage	  height	  is	  gauged	  regularly	  at	  
Hughendon	  and	  Richmond,	  and	  less	  regularly	  at	  a	  number	  of	  other	  sites.	  	  	  
1.3. The Flinders River 
Water balance 
The	  Australian	  Government,	  Bureau	  of	  Rural	  Sciences,	  Bureau	  of	  Meteorology	  and	  
CSIRO	  provide	  modelled	  monthly	  and	  annual	  water	  balances	  for	  the	  Flinders	  River	  
through	  the	  Australian	  Water	  Availability	  Project	  (AWAP)	  
(http://www.daff.gov.au/brs/climate-­‐impact/awap).	  	  The	  Flinders	  River	  Dam	  has	  a	  
small	  storage	  capacity	  of	  approximately	  7000	  ML	  (Australian	  Natural	  Resources	  
Atlas),	  a	  tiny	  fraction	  of	  the	  estimated	  average	  annual	  runoff	  of	  5,227	  GL	  (AWAP,	  
2008).	  	  Approximately	  1,976	  production	  bores	  use	  groundwater	  from	  the	  Flinders	  
Basin,	  however	  less	  than	  1%	  of	  the	  average	  annual	  runoff	  is	  taken	  for	  human	  use	  
(AWAP,	  2008).	  	  Average	  annual	  river	  outflow	  at	  the	  mouth	  is	  estimated	  as	  3,916	  GL.	  
Petheram	  et	  al.	  (2008)	  studied	  the	  hydrology	  of	  99	  unregulated	  tropical	  rivers	  in	  
northern	  Australia,	  including	  the	  Flinders	  River,	  assessing	  the	  potential	  of	  these	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rivers	  to	  provide	  water	  for	  irrigation	  or	  other	  purposes.	  	  Although	  tropical	  rivers	  
often	  have	  large	  annual	  flows,	  the	  extreme	  variability	  of	  flows	  and	  high	  likelihood	  of	  
severe	  drought	  means	  that	  “agriculturalists	  seeking	  to	  irrigate	  from	  rivers	  in	  
northern	  Australia	  should	  have	  especially	  well	  developed	  drought	  contingency	  
plans.”	  	  The	  Flinders	  River	  is	  not	  an	  exception	  to	  this.	  
Classifications 
Leigh	  and	  Sheldon	  (2008)	  divided	  rivers	  in	  the	  Gulf	  of	  Carpenteria	  into	  two	  groups:	  
“tropical	  regime”	  rivers,	  which	  experience	  permanent	  discharge,	  and	  “dryland	  
regime”	  rivers,	  which	  are	  ephemeral	  but	  subject	  to	  flash	  flood	  events.	  Flow	  in	  the	  
Flinders	  River	  is	  strongly	  intermittent	  and	  seasonal,	  thus	  placing	  the	  Flinders	  
amongst	  the	  dryland	  group.	  	  
Moliere	  et	  al.	  (2009)	  classified	  the	  flow	  regimes	  of	  streams	  within	  the	  catchments	  of	  
the	  Daly,	  Flinders	  and	  Fitzroy	  (W.A.)	  Rivers,	  and	  used	  these	  classifications	  to	  develop	  
a	  classification	  system	  for	  flow	  regimes	  of	  data-­‐limited	  streams	  in	  the	  wet-­‐dry	  
tropics.	  	  Streams	  in	  the	  Flinders	  catchment	  were	  predominantly	  classified	  as	  “dry	  
seasonal”,	  meaning	  that	  they	  are	  dry	  for	  more	  than	  half	  of	  the	  year	  and	  subject	  to	  
high	  inter-­‐annual	  variability	  in	  flow.	  
Erskine	  et	  al.	  (2005)	  specify	  nine	  river	  types	  for	  Australian	  tropical	  rivers	  and	  river	  
segments.	  	  In	  this	  classification,	  based	  on	  geological	  and	  geomorphic	  features,	  the	  
Flinders	  River	  is	  (at	  least	  in	  stretches)	  avulsive,	  featuring	  abandoned	  river	  channels	  
alongside	  the	  current	  channel.	  	  
The	  most	  comprehensive	  hydrological	  classification	  system	  for	  tropical	  rivers	  is	  that	  
presented	  by	  Kenndard	  et	  al.	  (2010).	  In	  this	  system,	  most	  of	  the	  Flinders	  River	  falls	  
into	  class	  11,	  with	  “unpredictable	  summer	  highly	  intermittent”	  flow.	  
Sediments, nutrients, and ecology in the Flinders 
River 
The	  most	  significant	  previous	  study	  relevant	  to	  understanding	  sediments	  and	  
nutrients	  in	  the	  Flinders	  River	  specifically	  is	  the	  PhD	  work	  of	  Leigh	  (2008)	  and	  
subsequent	  papers	  (Leigh	  and	  Sheldon	  2008;	  2009;	  Leigh	  et	  al.	  2010)	  .	  
Stream	  channels	  of	  the	  Flinders	  River	  and	  tributaries	  are	  turbid	  and	  are	  widely	  
flooded	  during	  the	  wet	  season,	  but	  breaks	  up	  into	  a	  series	  of	  disconnected	  
waterholes	  during	  the	  dry	  season	  (Leigh	  and	  Sheldon	  2008).	  	  Off-­‐channel	  pools	  may	  
be	  dry	  for	  longer	  periods	  than	  pools	  in	  the	  main	  channel	  as	  they	  may	  not	  be	  
reconnected	  by	  small	  flow	  events.	  
Leigh	  (2008)	  found	  that:	  
• Under	  no-­‐flow	  conditions	  in	  the	  dry	  season,	  TN	  concentrations	  sampled	  at	  a	  
number	  of	  sites	  during	  the	  dry	  season	  were	  generally	  high:	  0.5	  to	  1	  mg	  L-­‐1.	  	  TP	  
values	  ranged	  from	  0.05	  to	  0.14	  mg	  L-­‐1.	  The	  N:P	  ratio	  exceeded	  the	  Redfield	  
ratio,	  suggesting	  phosphorus	  was	  more	  likely	  than	  nitrogen	  to	  become	  a	  
limiting	  factor	  if	  primary	  production	  increased.	  	  Ammonium	  and	  NOX	  
concentrations	  were	  around	  0.03	  mg	  L-­‐1	  and	  phosphate	  concentrations	  were	  
around	  0.01	  mg	  L-­‐1.	  	  TN	  and	  TP	  concentrations	  were	  substantially	  higher	  in	  
the	  Flinders	  River	  than	  in	  the	  adjacent	  Gregory	  River,	  a	  groundwater-­‐fed	  river	  
	  
	  
11	  
that	  often	  flows	  throughout	  the	  dry	  season.	  	  Chlorophyll	  concentrations	  and	  
TSS	  concentrations	  were	  high	  at	  some	  sites	  (up	  to	  15	  µg	  L-­‐1),	  again	  
substantially	  higher	  than	  in	  the	  Gregory	  River.	  	  Light	  penetrated	  to	  the	  
bottom	  at	  all	  sites	  in	  the	  Flinders	  River	  and	  did	  not	  limit	  plant	  and	  algal	  
growth.	  
• Despite	  the	  differences	  observed	  between	  the	  rivers,	  when	  Gregory	  River	  
was	  not	  flowing	  (lentic),	  TN,	  TP	  and	  chlorophyll	  a	  concentrations	  were	  
comparable	  with	  the	  Flinders.	  	  This	  suggests	  that	  flow	  is	  the	  main	  factor	  
controlling	  nutrient	  concentrations	  and	  algal	  growth,	  rather	  than	  the	  
inherent	  characteristics	  of	  the	  river	  water.	  
• Water	  regulation	  is	  likely	  to	  have	  a	  much	  greater	  effect	  on	  the	  health	  of	  the	  
Flinders	  River	  (in	  terms	  of	  food	  web,	  macroinvertebrate	  diversity	  and	  
abundance)	  than	  water	  abstraction.	  	  A	  “dryland	  regime”	  river	  such	  as	  the	  
Flinders	  is	  more	  vulnerable	  to	  these	  effects	  than	  a	  “tropical	  regime”	  river	  
such	  as	  Gregory	  River.	  
Leigh	  and	  Sheldon	  (2009)	  investigated	  patterns	  of	  macroinvertebrate	  biodiversity	  in	  
floodplain	  rivers	  (the	  Gregory	  and	  Flinders	  Rivers)	  of	  the	  wet/dry	  tropics.	  	  
Hydrological	  connectivity	  was	  found	  to	  be	  the	  most	  important	  factor	  affecting	  
macroinvertebrate	  community	  composition	  and	  diversity	  in	  these	  rivers.	  	  The	  highest	  
beta-­‐diversity	  between	  sites	  was	  found	  between	  sites	  of	  intermediate	  connectivity	  
potential;	  that	  is,	  there	  was	  more	  diversity	  between	  sites	  that	  were	  occasionally	  
connected	  than	  between	  sites	  that	  were	  rarely	  connected	  or	  frequently	  connected	  
by	  flow.	  	  Maintaining	  key	  aspects	  of	  the	  natural	  flow	  regime	  will	  be	  important	  to	  
maintaining	  this	  diversity.	  	  	  
Leigh	  et	  al.	  (2010)	  also	  found	  that	  autochthonous	  (within	  system),	  rather	  than	  
allochthonous	  (outside	  of	  system)	  sources	  fuelled	  the	  food	  web,	  based	  on	  stable	  
isotope	  studies.	  Benthic	  algae	  were	  found	  to	  be	  an	  important	  source	  of	  production.	  	  
Other work 
Other	  prior	  work	  on	  the	  Flinders	  River	  includes:	  
• A	  study	  by	  Munksgaard	  and	  Livingstone	  Parry	  (2001)	  of	  trace	  metals,	  arsenic	  
and	  lead	  concentrations	  in	  the	  estuary	  of	  the	  Bynoe	  River,	  a	  deltaic	  arm	  at	  
the	  Flinders	  River.	  
• A	  study	  by	  Long	  and	  Skewes	  (1996),	  who	  mapped	  the	  mangroves	  of	  the	  lower	  
Flinders	  River	  (along	  with	  the	  Norman	  and	  Bynoe	  Rivers)	  and	  found	  only	  5.42	  
km2	  of	  mangroves	  associated	  specifically	  with	  the	  Flinders.	  
• A	  study	  of	  the	  phylogeography	  of	  the	  Flinders	  River	  and	  other	  Gulf	  Basin	  
systems	  by	  Masci	  et	  al.	  (2008),	  who	  discuss	  implications	  of	  past	  geological	  
connectivity	  of	  the	  Gulf	  Basin	  and	  Lake	  Eyre.	  
• A	  study	  of	  fish	  abundance	  and	  diversity	  in	  a	  number	  of	  Flinders	  River	  
waterholes	  (and	  other	  southern	  Gulf	  rivers)	  (Hogan	  and	  Vallance	  2005).	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1.4. Aims of the present study 
The	  aims	  of	  the	  present	  work	  are:	  
• To	  develop	  an	  understanding	  of	  the	  origin,	  transport	  and	  fate	  of	  carbon,	  
nutrients	  and	  fine	  sediments	  	  
• To	  develop	  an	  understanding	  of	  the	  relationships	  between	  nutrient	  
availability,	  light	  and	  rates	  of	  primary	  production.	  	  
More	  specifically,	  the	  intention	  was	  to	  answer	  the	  following	  questions:	  
• What	  is	  the	  source	  of	  the	  high	  N	  and	  P	  in	  the	  Flinders?	  We	  hypothesised	  that	  
nutrients	  derived	  from	  the	  land	  during	  the	  wet	  season	  persist	  in	  the	  Flinders	  
throughout	  the	  dry	  season	  and	  are	  the	  source	  of	  observed	  elevated	  dry-­‐
season	  nutrient	  concentrations,	  with	  minimal	  losses	  from	  processes	  such	  as	  
denitrification.	  
• What	  are	  the	  processes	  that	  result	  in	  significant	  dissolved	  inorganic	  nutrients	  
in	  the	  water	  column,	  given	  that	  previous	  work	  suggests	  light	  does	  not	  limit	  
primary	  productivity?	  
• If	  nutrients	  and	  light	  are	  not	  limiting	  algal	  production	  in	  the	  Flinders	  River,	  
does	  top-­‐down	  control	  (i.e.	  grazing	  by	  aquatic	  animals	  such	  as	  zooplankton	  
and	  fish)	  limit	  production?	  
• What	  effect	  might	  a	  change	  in	  flow	  regime	  have	  on	  N	  and	  P	  concentrations	  
and	  flow-­‐on	  effects	  on	  primary	  productivity	  and	  its	  controls?	  
3. Methods 
3.1. Field sampling 
Three	  sampling	  trips	  were	  conducted	  on	  the	  Flinders	  River	  system	  (Cloncurry	  River	  
section)	  in	  May/June,	  August	  and	  October	  2009.	  	  Five	  waterholes:	  four	  in-­‐channel	  
(Stanley,	  Ten-­‐mile,	  Seaward	  and	  Williams)	  and	  one	  off-­‐channel,	  were	  sampled	  from	  a	  
boat	  (Figure	  1	  and	  Figure	  2).	  For	  the	  purpose	  of	  this	  study,	  the	  off-­‐channel	  waterhole	  
is	  named	  ‘Off-­‐channel’.	  These	  waterholes	  were	  chosen	  based	  on	  accessibility	  and	  
year-­‐round	  permanency.	  The	  order	  in	  which	  they	  were	  sampled	  provided	  an	  
upstream-­‐downstream	  transect	  (Stanley	  waterhole	  the	  most	  upstream,	  Williams	  and	  
Off-­‐channel	  the	  most	  downstream).	  The	  cessation	  of	  flow	  resulted	  in	  the	  
disconnection	  of	  all	  waterholes	  approximately	  two	  weeks	  prior	  to	  the	  first	  sampling	  
round	  in	  late	  May.	  	  
A	  range	  of	  water	  and	  sediment	  quality	  parameters	  were	  measured.	  	  These	  included:	  	  
• Physico-­‐chemical	  parameters	  (temperature,	  conductivity,	  pH,	  dissolved	  
oxygen,	  light	  profile)	  
• Total	  nitrogen,	  phosphorus	  and	  carbon	  in	  the	  water	  column	  
• Dissolved	  inorganic	  nutrients	  and	  organic	  carbon	  
• Total	  suspended	  solids	  
• Water	  column	  and	  sediment	  chlorophyll	  
• Primary	  productivity	  in	  the	  watercolumn	  (October	  2009	  only)	  
• Algal	  response	  to	  primary	  productivity	  (October	  2009	  only)	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• Sediment	  nutrients	  
• Fish	  and	  crustaceans	  (abundance	  and	  length-­‐weight	  data)	  
These	  measurements	  were	  taken	  alongside	  foodweb	  measurements	  in	  the	  same	  
waterholes	  for	  TRaCK	  project	  5.2	  (“Refugial	  Pools.	  Importance	  of	  waterholes	  as	  
aquatic	  refugia	  and	  the	  biophysical	  processes	  that	  sustain	  them.”	  
	  
Figure	  1	  Sampling	  sites	  on	  Flinders	  River,	  as	  seen	  in	  a	  Google	  Earth	  screen	  shot	  (insert:	  
location	  within	  Australia).	  
	  
Figure	  2	  Ten-­‐mile	  and	  Off-­‐channel	  waterholes	  (photos:	  Stephen	  Faggotter)	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Water	  samples	  were	  collected	  (three	  replicates)	  from	  the	  surface	  of	  all	  waterholes	  
and	  from	  the	  surface	  and	  bottom	  of	  the	  deepest	  waterhole,	  Ten-­‐mile.	  In-­‐channel	  
waterholes	  were	  typically	  3-­‐4	  m	  deep	  early	  in	  the	  season,	  dropping	  approx.	  1-­‐2	  m	  
over	  the	  sampling	  period.	  Off-­‐channel	  waterhole	  was	  approx.	  1.5	  m	  early	  in	  the	  
season,	  dropping	  to	  0.5	  m	  late	  in	  the	  season.	  Samples	  were	  taken	  from	  two	  sites	  
(upstream	  and	  downstream)	  within	  each	  waterhole	  to	  determine	  nutrient	  
concentrations.	  These	  were:	  filtered	  (0.45	  µm	  membrane	  filters)	  water	  for	  dissolved	  
inorganic	  nutrient	  concentrations	  (ammonia	  –	  NH4,	  nitrate/nitrite	  -­‐	  NOx,	  phosphate	  –	  
PO4)	  and	  dissolved	  organic	  and	  inorganic	  carbon	  concentrations	  (DOC	  and	  DIC);	  and	  
non-­‐filtered	  water	  for	  total	  nitrogen	  (TN)	  and	  total	  phosphorus	  (TP).	  Water	  was	  
sampled	  from	  the	  surface	  using	  a	  bucket	  and	  from	  the	  bottom	  using	  a	  van	  Dorn	  
sampler.	  Known	  volumes	  of	  water	  were	  also	  filtered	  onto	  47	  mm	  glass	  fibre	  filters	  
(Advantec	  GF-­‐75)	  to	  determine	  chlorophyll	  a	  concentrations	  (as	  an	  indicator	  of	  algal	  
biomass).	  Pre-­‐combusted	  (450ºC)	  and	  pre-­‐weighed	  47	  mm	  glass	  fibre	  filters	  
(Whatman	  GFF)	  were	  used	  to	  determine	  total	  suspended	  solids	  (TSS)	  and	  particulate	  
organic	  matter	  (POM)	  in	  the	  seston.	  	  
An	  Ekman	  grab	  sampler	  was	  used	  to	  collect	  sediment	  samples	  (three	  replicates)	  at	  
both	  upstream	  and	  downstream	  sites	  for	  benthic	  chlorophyll	  a,	  total	  nitrogen	  and	  
phosphorus	  concentrations.	  Soil	  samples	  were	  also	  collected	  above	  the	  riparian	  
zone,	  on	  the	  floodplain	  (two	  replicates	  on	  each	  side	  of	  the	  waterholes)	  for	  TN	  and	  TP	  
concentrations.	  A	  spade	  was	  used	  to	  collect	  these	  floodplain	  soil	  samples.	  All	  
samples	  were	  frozen	  immediately	  until	  analysed	  in	  the	  laboratory.	  	  
Dissolved	  oxygen	  (DO)	  concentrations	  were	  measured	  over	  a	  24	  h	  period	  using	  TPS	  
data	  loggers.	  Oxygen	  probes	  were	  placed	  at	  two	  depths	  (surface	  and	  bottom)	  in	  the	  
deepest	  section	  of	  each	  waterhole.	  Light	  profiles	  through	  the	  water	  column	  were	  
taken	  during	  the	  early	  dry	  and	  late	  dry	  sampling	  trips	  using	  a	  Licor	  PAR	  light	  meter	  
with	  a	  2-­‐pi	  sensor.	  Secchi	  depth	  was	  also	  measured	  at	  both	  upstream	  and	  
downstream	  sites	  to	  determine	  light	  attenuation.	  Physico-­‐chemical	  parameters	  
(dissolved	  oxygen,	  turbidity,	  temperature,	  specific	  conductivity,	  salinity	  and	  pH)	  were	  
also	  measured	  at	  both	  upstream	  and	  downstream	  sites	  with	  a	  datalogger	  (YSI)	  at	  
approximately	  the	  same	  time	  of	  day	  in	  each	  waterhole	  (mid-­‐morning).	  	  
Fish	  abundance	  and	  biomass	  were	  determined	  by	  deploying	  three	  large	  fyke	  nets	  
(1.5	  m	  diameter,	  13	  mm	  stretched	  mesh,	  8	  m	  wings)	  overnight	  (approximately	  15	  h).	  
Upon	  retrieving	  the	  nets,	  individual	  fish	  were	  identified,	  weighed,	  measured	  and	  
returned	  to	  the	  waterhole	  (Allen	  et	  al.	  2002).	  Crustaceans	  caught	  in	  fyke	  nets	  were	  
also	  recorded.	  Off-­‐channel	  dried	  considerably	  during	  the	  study,	  restricting	  the	  
number	  of	  nets	  and	  size	  that	  could	  be	  set.	  Consequently,	  by	  the	  late	  dry	  sampling	  
trip,	  the	  waterhole	  was	  so	  shallow	  that	  smaller	  fyke	  nets	  (0.4	  m	  diameter,	  2	  mm	  
stretched	  mesh,	  3	  m	  wings)	  had	  to	  be	  used.	  Zooplankton	  biomass	  was	  determined	  
by	  towing	  a	  plankton	  net	  (75	  µm	  mesh),	  at	  surface	  level,	  1	  m	  aside	  a	  boat	  for	  a	  
known	  distance	  (measured	  by	  GPS)	  at	  daybreak.	  Two	  replicates	  were	  collected	  in	  all	  
waterholes,	  with	  the	  exception	  of	  Off-­‐channel	  in	  the	  late	  dry	  trip,	  due	  to	  the	  shallow	  
nature	  of	  this	  waterhole	  and	  sediment	  disturbance	  from	  the	  first	  tow.	  Zooplankton	  
	  
	  
15	  
samples	  were	  frozen	  immediately	  in	  a	  60	  L	  fridge/freezer	  (Engel)	  until	  analysed	  in	  
the	  laboratory.	  
Sampling	  was	  also	  undertaken	  by	  collaborators	  in	  TRaCK	  Project	  5.2	  to	  examine	  food	  
web	  relationships	  in	  the	  waterholes	  using	  stable	  isotopes,	  and	  to	  measure	  whole-­‐
system	  metabolism,	  waterhole	  physical	  characteristics,	  and	  evaporation.	  
3.2. Analysis 
Frozen	  samples	  for	  total	  and	  dissolved	  nutrient	  concentrations	  in	  water	  column	  and	  
sediments	  were	  sent	  to	  Queensland	  Health	  Forensic	  Scientific	  Services	  (QHFSS)	  and	  
Department	  of	  Environment	  and	  Resource	  Management	  (DERM)	  for	  analysis.	  
Standard	  colorimetric	  methods	  were	  used	  (APHA	  1998).	  Chlorophyll	  was	  extracted	  
from	  filters	  at	  Griffith	  University	  by	  S.	  Faggotter	  in	  100%	  acetone	  using	  a	  probe	  
sonicator	  (Branson	  450)	  for	  1	  minute,	  then	  measured	  with	  a	  Shimadzu	  
spectrophotometer	  (Jeffrey	  and	  Welshmeye	  1997).	  The	  trichromatic	  equations	  of	  
Jeffrey	  and	  Humphrey	  (1975)	  were	  used	  to	  calculate	  chlorophyll	  content.	  Dissolved	  
organic	  and	  inorganic	  carbon	  concentrations	  in	  water	  column	  samples	  were	  
determined	  using	  a	  Shimadzu	  TOC-­‐VCPH/CPN	  analyser.	  	  
TSS	  filters	  were	  dried	  in	  a	  60°C	  oven	  overnight,	  cooled	  in	  a	  dessicator	  then	  weighed.	  
The	  weight	  of	  filter	  before	  sampling	  was	  then	  subtracted	  to	  determine	  the	  TSS	  
concentration	  (mg	  L-­‐1).	  One	  TSS	  replicate	  from	  each	  site	  was	  then	  used	  to	  determine	  
water	  column	  δ15N	  values	  (note	  –	  all	  three	  replicates	  in	  Off-­‐channel	  early-­‐dry	  were	  
analysed).	  The	  filter	  was	  analysed	  using	  a	  mass	  spectrometer	  (GV	  Isoprime).	  
Fish	  abundance	  and	  biomass	  were	  calculated	  using	  ‘catch-­‐per-­‐unit-­‐effort’	  (CPUE)	  
calculations	  based	  on	  wing	  width	  and	  sampling	  duration	  of	  fyke	  nets	  (Arthington	  et	  
al.	  2005).	  Zooplankton	  biomass	  was	  determined	  in	  the	  laboratory	  by	  filtering	  the	  
known	  volume	  of	  sample	  onto	  pre-­‐combusted	  (450°C)	  and	  pre-­‐weighed	  47	  mm	  glass	  
fibre	  filters	  (Whatman	  GFF).	  Samples	  were	  dried	  in	  a	  60°C	  oven	  overnight	  then	  
weighed	  again	  to	  determine	  biomass	  per	  volume	  of	  water	  column	  filtered	  (the	  
amount	  of	  water	  filtered	  was	  calculated	  from	  the	  area	  of	  net	  opening	  and	  the	  known	  
distance	  the	  net	  was	  towed).	  
3.3. Process studies 
3.3.1. Water column primary productivity 
Primary	  production	  was	  measured	  in	  the	  water	  column	  on	  the	  final	  trip	  (October	  
2009)	  using	  13C-­‐uptake	  incubations	  (Burford	  et	  al.	  in	  press).	  Water	  samples	  collected	  
just	  below	  the	  surface	  were	  kept	  in	  covered	  buckets	  in	  the	  shade	  for	  less	  than	  an	  
hour	  until	  incubations	  were	  conducted.	  500	  ml	  acid-­‐washed	  polycarbonate	  bottles	  
were	  filled	  with	  water	  collected	  from	  each	  site.	  Triplicate	  bottles	  from	  each	  bucket	  
were	  incubated	  at	  0,	  5,	  14,	  25,	  50	  and	  100%	  of	  surface	  light	  using	  shade	  bags	  of	  
appropriate	  light	  attenuation.	  13C-­‐sodium	  bicarbonate	  was	  added	  to	  bottles	  to	  give	  a	  
final	  enrichment	  of	  between	  3	  and	  5%	  of	  the	  total	  bicarbonate	  concentration.	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The	  bottles	  were	  incubated	  in	  situ	  in	  the	  waterholes	  and	  placed	  in	  full	  sunlight	  to	  
ensure	  that	  the	  ambient	  water	  temperature	  was	  maintained.	  Temperature	  was	  
logged	  throughout	  the	  incubations.	  Bottles	  were	  incubated	  on	  either	  side	  of	  local	  
apparent	  noon	  (when	  the	  sun	  was	  highest	  in	  the	  sky)	  for	  2	  to	  3	  hours.	  Known	  
volumes	  of	  water	  from	  the	  bottles	  were	  filtered	  through	  precombusted	  glass	  fibre	  
(Whatman	  GF/F)	  filters.	  Filters	  were	  frozen	  until	  returned	  to	  the	  laboratory.	  	  
A	  filtered	  water	  sample	  (GF/F	  glass	  fibre	  filtered)	  was	  also	  collected	  at	  each	  site	  for	  
alkalinity	  measurements.	  	  Water	  samples	  were	  kept	  in	  filled	  bottles	  on	  ice	  until	  
analysed	  in	  the	  laboratory	  by	  titration	  (APHA	  2005).	  	  	  
Filters	  from	  the	  13C-­‐uptake	  incubations	  were	  dried	  at	  60ºC	  for	  24	  h	  before	  being	  
analysed	  for	  13C/12C	  ratio	  and	  %carbon	  on	  a	  mass	  spectrometer	  (GV	  Isoprime,	  
Manchester	  UK).	  Water	  column	  areal	  productivity	  (mg	  C	  m-­‐2	  d-­‐1)	  was	  calculated	  by	  
integrating	  primary	  productivity	  through	  the	  water	  column	  based	  on	  the	  13C-­‐
bicarbonate	  incubation	  data,	  alkalinity	  measurements	  and	  light	  profiles.	  	  	  
3.3.1. Nutrient addition experiments 
In	  addition	  to	  primary	  productivity	  measurements,	  nutrient	  bioassays	  were	  
conducted	  for	  all	  waterholes	  in	  October	  2009	  to	  determine	  whether	  phytoplankton	  
photosynthetic	  yield	  responded	  to	  additions	  of	  nitrogen,	  phosphorus	  or	  a	  
combination	  of	  the	  two.	  There	  were	  four	  treatments:	  control,	  nitrogen,	  phosphorus,	  
nitrogen	  plus	  phosphorus.	  Water	  was	  poured	  into	  300	  ml	  clear	  plastic	  bottles	  and	  
nutrients	  (ammonium	  chloride,	  dipotassium	  phosphate)	  were	  added	  at	  a	  
concentration	  ten	  times	  the	  estimated	  background	  nutrient	  concentration,	  with	  
three	  replicates	  of	  each	  treatment.	  	  Bottles	  were	  incubated	  in	  ambient	  light	  in	  tubs	  
with	  flowing	  waterhole	  water	  for	  24	  h.	  	  After	  this	  time,	  the	  photosynthetic	  yield	  was	  
determined	  in	  all	  bottles	  using	  a	  PHYTOPAM©	  phytoplankton	  analyser	  (Heinz	  Walz,	  
Effeltich,	  Germany).	  This	  instrument	  uses	  pulse-­‐amplitude-­‐modulation	  (PAM)	  
fluorometry	  to	  measure	  the	  capacity	  of	  plant	  cells	  to	  respond	  to	  incident	  light.	  	  Two	  
replicate	  samples	  were	  measured	  in	  each	  bottle.	  	  	  
3.4. Nutrient budgets 
To	  address	  the	  question	  of	  the	  source	  and	  fate	  of	  nutrients	  in	  the	  Flinders	  River	  
during	  the	  dry	  season,	  simple	  nutrient	  budget	  modelling	  was	  performed	  for	  each	  
waterhole.	  Waterhole	  volumes	  were	  derived	  from	  measured	  water	  levels	  and	  
bathymetric	  surveys	  performed	  on	  all	  the	  waterholes	  at	  the	  beginning	  of	  the	  study.	  
These	  data	  were	  provided	  by	  DERM	  (James	  Fawcett,	  pers.	  comm.)	  and	  were	  outputs	  
from	  a	  related	  DERM	  study,	  that	  modelled	  changes	  in	  waterhole	  volume	  over	  the	  dry	  
season.	  
The	  total	  mass	  of	  nitrogen	  (total	  nitrogen,	  TN,	  nitrate+nitrate,	  NOx	  and	  ammonium,	  
NH4)	  and	  phosphorus	  (total	  phosphorus,	  TP	  and	  phosphate,	  PO4)	  in	  each	  waterhole	  
at	  the	  time	  of	  each	  sampling	  trip	  was	  determined	  by	  multiplying	  the	  measured	  
nutrient	  concentrations	  in	  each	  waterhole	  by	  the	  estimated	  waterhole	  volume	  at	  the	  
time	  of	  the	  survey.	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The	  masses	  of	  nitrogen	  and	  phosphorus	  associated	  with	  chlorophyll	  were	  calculated	  
by	  assuming	  that	  the	  carbon	  to	  chlorophyll	  ratio	  in	  the	  phytoplankton	  was	  50:1	  and	  
that	  the	  molar	  ratios	  of	  nitrogen	  and	  phosphorus	  to	  carbon	  matched	  the	  Redfield	  
ratios	  of	  106:16	  and	  106:1,	  respectively	  (Reynolds	  1997).	  
4. Results & Discussion  
4.1. Water quality measures 
The	  temperature	  in	  the	  in-­‐channel	  waterholes	  (based	  on	  measurements	  at	  
approximately	  10:00	  am	  )	  was	  relatively	  stable	  throughout	  the	  dry	  season	  with	  
fluctuations	  of	  ±	  3oC	  and	  no	  seasonal	  trend	  (Table	  1).	  Off-­‐channel	  waterhole	  showed	  
a	  greater	  temperature	  variance	  between	  sampling	  periods,	  with	  fluctuations	  of	  ±6oC.	  
Conductivity	  in	  all	  in-­‐channel	  waterholes	  increased	  from	  the	  early-­‐dry	  to	  the	  late-­‐dry	  
season	  (the	  minimum	  was	  288	  µS	  cm-­‐1	  at	  Seaward	  in	  the	  early-­‐dry	  and	  455	  µS	  cm-­‐1	  at	  
Williams	  in	  the	  late-­‐dry).	  	  In	  Off-­‐channel	  waterhole,	  conductivity	  increased	  by	  
191	  µS	  cm-­‐1	  from	  early-­‐	  to	  late-­‐dry.	  Dissolved	  oxygen	  (DO)	  in	  the	  in-­‐channel	  
waterholes	  typically	  increased	  an	  average	  of	  2.0	  mg	  L-­‐1	  from	  early-­‐dry	  to	  late-­‐dry	  
season,	  with	  the	  exception	  of	  Williams	  waterhole,	  where	  dissolved	  oxygen	  
decreased	  from	  early-­‐dry	  to	  mid-­‐dry	  (1.1	  mg	  L-­‐1)	  then	  increased	  from	  mid-­‐dry	  to	  late-­‐
dry	  (3.1	  mg	  L-­‐1).	  In	  contrast,	  DO	  in	  Off-­‐channel	  waterhole	  was	  stable	  from	  early-­‐	  to	  
mid-­‐dry	  and	  then	  decreased	  from	  mid-­‐	  to	  late-­‐dry.	  	  There	  was	  no	  clear	  pattern	  in	  pH	  
and	  turbidity	  over	  the	  course	  of	  the	  dry	  season	  in	  any	  of	  the	  waterholes,	  however	  
turbidity	  was	  consistently	  higher	  in	  Off-­‐channel	  waterhole	  	  (129	  -­‐	  460	  NTU).	  	  
Overall,	  the	  physicochemical	  characteristic	  are	  generally	  similar	  in	  all	  waterholes	  
throughout	  the	  dry	  season	  with	  one	  exception,	  Off-­‐channel.	  The	  differences	  
between	  Off-­‐channel	  and	  the	  in-­‐channel	  waterholes	  can	  be	  attributed	  to	  the	  
difference	  in	  depth.	  	  Off-­‐channel	  was	  the	  shallowest	  of	  the	  waterholes,	  particularly	  
by	  the	  end	  of	  the	  dry	  season.	  Being	  shallower,	  it	  has	  a	  greater	  surface	  area	  to	  volume	  
ratio,	  which	  makes	  it	  more	  sensitive	  to	  variations	  in	  air	  temperature	  and	  influenced	  
more	  strongly	  by	  oxygen	  exchanges	  across	  the	  surface.	  Sediments	  in	  shallow	  water	  
are	  also	  subject	  to	  greater	  disturbance	  by	  wind	  mixing,	  which	  explains	  the	  higher	  
turbidity	  of	  the	  Off-­‐channel	  waterhole.	  
Diel	  (24	  h)	  surface	  and	  bottom	  temperatures	  were	  similar	  in	  most	  waterholes,	  with	  a	  
diel	  change	  no	  greater	  than	  4.0	  °C	  at	  the	  surface	  and	  2.0	  °C	  at	  the	  bottom	  (Table	  2).	  
The	  exception	  was	  Off-­‐channel	  waterhole,	  which	  had	  a	  diel	  change	  of	  up	  to	  7.6	  °C	  at	  
both	  surface	  and	  bottom	  during	  the	  late-­‐dry	  season	  sampling.	  Diel	  DO	  surface	  
readings	  were	  quite	  similar	  within	  each	  waterhole	  throughout	  the	  dry	  season.	  The	  
greatest	  diel	  change	  in	  dissolved	  oxygen	  was	  found	  in	  Off-­‐channel	  waterhole	  (5.0	  mg	  
L-­‐1	  in	  surface	  waters)	  during	  the	  late-­‐dry	  season	  sampling.	  In	  contrast,	  the	  least	  diel	  
change	  in	  dissolved	  oxygen	  was	  measured	  at	  Seaward	  (1.8	  mg	  L-­‐1)	  in	  the	  late-­‐dry	  
season.	  No	  clear	  pattern	  in	  the	  bottom	  diel	  dissolved	  oxygen	  was	  found	  over	  the	  dry	  
season.	  Lowest	  DO	  values	  (1.3	  mg	  L-­‐1)	  at	  night	  were	  measured	  in	  Williams	  waterhole	  
during	  the	  mid-­‐dry.	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Table	  1:	  Temperature,	  conductivity,	  dissolved	  oxygen,	  pH,	  turbidity,	  secchi	  and	  PAR	  euphotic	  depths	  of	  waterholes	  sampled	  over	  the	  2009	  dry	  season.	  Values	  and	  standard	  
deviation	  (SD)	  are	  the	  mean	  of	  measurements	  throughout	  the	  watercolumn	  of	  the	  2	  sampling	  sites	  within	  each	  waterhole.	  Turbidity	  values	  are	  taken	  from	  0.5m	  at	  each	  
site.	  Euphotic	  depth	  was	  measured	  at	  a	  single	  mid-­‐waterhole	  site.	  	  
	  	   	  	   Average	  Depth	  Volume	  Temperature	  	  Conductivity	  Dissolved	  oxygen	  	  	  	  	  pH	   Turbidity	  (0.5m)	  Secchi	  depth	  Euphotic	  depth	  
Waterhole	  Sampling	  period	   m	   m3	   oC	   µScm-­‐1	   mg	  L-­‐1	   	   ntu	   m	   m	  
Stanley	   Early-­‐dry	   1.12	   54807	   23.23	  (0.8)	   399	  (0)	   6.09	  (1.9)	   8.47	  (0.2)	   46.10	  (1.1)	   0.24	  (0.01)	   0.97	  
	   Mid-­‐dry	   0.86	   29198	   22.72	  (0.2)	   425	  (0)	   7.25	  (0.4)	   8.42	  (0.2)	   54.15	  (8.1)	   0.31	  (0.01)	   2.06	  
	  	   Late-­‐dry	   0.73	   17338	   22.03	  (0.6)	   454	  (0)	   8.07	  (0.8)	   8.18	  (0.1)	   82.00	  (3.0)	   0.24	  (0.02)	   1.44	  
Ten-­‐mile	   Early-­‐dry	   1.62	   368756	   22.93	  (0.3)	   386	  (0)	   4.67	  (2.0)	   8.53	  (0.3)	   43.45	  (13.2)	   0.19	  (0.04)	   1.42	  
	   Mid-­‐dry	   1.40	   242430	   23.59	  (0.6)	   399	  (0)	   5.53	  (1.6)	   8.44	  (0.2)	   63.25	  (27.4)	   0.3	  (0.07)	   2.34	  
	  	   Late-­‐dry	   1.26	   176644	   25.97	  (1.0)	   431	  (0)	   6.47	  (2.0)	   8.28	  (0.2)	   81.05	  (63.6)	   0.25	  (0.14)	   2.51	  
Seaward	   Early-­‐dry	   1.90	   89746	   22.02	  (0.2)	   288	  (0)	   4.81	  (1.8)	   8.14	  (0.2)	   25.55	  (2.9)	   0.26	  (0)	   1.42	  
	   Mid-­‐dry	   1.63	   63453	   23.14	  (1.0)	   306	  (0)	   5.63	  (2.0)	   8.33	  (0.3)	   24.30	  (7.6)	   0.55	  (0.14)	   4.47	  
	  	   Late-­‐dry	   1.45	   48291	   24.80	  (1.0)	   340	  (0)	   7.34	  (1.8)	   8.28	  (0.2)	   34.05	  (6.2)	   0.4	  (0.08)	   2.5	  
Williams	   Early-­‐dry	   1.50	   36562	   22.41	  (0.5)	   386	  (0)	   6.40	  (0.3)	  	   8.63	  (0.1)	   63.30	  (4.9)	   0.12	  (0.02)	   1.21	  
	   Mid-­‐dry	   1.17	   22280	   24.89	  (0.2)	   406	  (0)	   5.31	  (0.3)	   8.47	  (0)	   49.95	  (7.0)	   0.24	  (0.01)	   1.49	  
	  	   Late-­‐dry	   1.00	   15573	   22.65	  (0.5)	   455	  (0)	   8.41	  (0.7)	   8.48	  (0.1)	   84.15	  (18.3)	   0.27	  (0.01)	   2.03	  
Off-­‐channel	   Early-­‐dry	   0.65	   3817	   20.61	  (0.2)	   214	  (0)	   6.43	  (0.2)	   7.87	  (0.1)	   215.0	  (0)	   0.08	  (0)	   0.42	  
	   Mid-­‐dry	   0.34	   900	   26.02	  (0)	   317	  (0)	   6.47	  (0)	   8.46	  (0)	   129.0	  (0)	   0.2	  (0)	   1.28	  
	  	   Late-­‐dry	   0.29	   489	   19.80	  (0)	   405	  (0)	   5.67	  (0.1)	   8.37	  (0)	   460.0	  (0)	   0.07	  (0)	   0.3	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Table	  2:	  Diel	  (24	  h)	  minima	  and	  maxima	  for	  surface	  and	  bottom	  temperatures	  (°C)	  and	  dissolved	  oxygen	  (mg	  L-­‐1)	  in	  waterholes	  throughout	  the	  2009	  dry	  season.	  -­‐	  Data	  
unavailable	  due	  to	  data	  logging	  failure.	  
	  	   	  	  
	   	  
Diel	  temperature	  
(surface)	  
Diel	  temperature	  
(bottom)	  
Diel	  dissolved	  oxygen	  
(surface)	  
Diel	  dissolved	  oxygen	  
(bottom)	  
Waterhole	   Sampling	  
period	  
Min	   Max	   Min	   Max	   Min	   Max	   Min	   Max	  
Stanley	   Early-­‐dry	   -­‐	   -­‐	   21.9	   23.8	   -­‐	   -­‐	   4.5	   8.3	  
	   Mid-­‐dry	   22.4	   26.4	   22.0	   22.6	   4.8	   8.7	   3.7	   5.9	  
	  	   Late-­‐dry	   22.0	   24.8	   -­‐	   -­‐	   4.9	   8.3	   4.1	   7.5	  
Ten-­‐mile	   Early-­‐dry	   22.3	   23.8	   -­‐	   -­‐	   6.5	   8.5	   3.3	   5.8	  
	   Mid-­‐dry	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	   Late-­‐dry	   25.2	   27.9	   23.8	   24.4	   5.5	   9.2	   4.8	   6.1	  
Seaward	   Early-­‐dry	   21.4	   23.0	   21.1	   21.4	   5.5	   7.3	   2.5	   5.5	  
	   Mid-­‐dry	   23.5	   24.8	   21.0	   21.9	   5.8	   9.2	   3.9	   5.4	  
	  	   Late-­‐dry	   21.8	   24.1	   23.5	   24.9	   5.4	   7.8	   4.9	   7.0	  
Williams	   Early-­‐dry	   22.3	   24.4	   22.0	   22.4	   4.8	   8.0	   2.9	   5.8	  
	   Mid-­‐dry	   24.2	   26.9	   23.7	   24.2	   4.3	   8.1	   1.3	   4.1	  
	  	   Late-­‐dry	   22.5	   25.0	   21.9	   24.1	   4.9	   8.6	   5.0	   8.3	  
Off-­‐channel	   Early-­‐dry	   20.1	   23.2	   19.7	   20.6	   4.3	   6.6	   3.4	   6.7	  
	   Mid-­‐dry	   23.4	   27.2	   -­‐	   -­‐	   4.2	   7.2	   -­‐	   -­‐	  
	   Late-­‐dry	   19.7	   27.2	   19.3	   26.9	   4.9	   9.9	   5.1	   9.8	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In	  the	  in-­‐channel	  waterholes,	  water	  column	  ammonium	  concentrations	  were	  close	  to	  
detection	  limits	  (0.002	  mg	  L-­‐1)	  throughout	  the	  dry	  season,	  however	  Off-­‐channel	  
waterhole	  showed	  a	  considerable	  increase	  at	  the	  end	  of	  the	  dry	  season	  (Figure	  3).	  
This	  increase	  could	  plausibly	  be	  due	  to	  bacterial	  ammonification	  of	  particular	  organic	  
material,	  but	  may	  also	  be	  due	  to	  the	  impact	  of	  cattle	  on	  this	  waterhole.	  The	  
ammonium	  concentration	  in	  bottom	  water	  from	  Ten-­‐mile	  was	  also	  elevated	  at	  the	  
end	  of	  the	  dry	  season.	  
	  
Figure	  3	  Mean	  (± 	  SD)	  water	  column	  ammonium	  concentrations	  in	  the	  waterholes	  over	  dry	  season.	  
Note	  –	  Bars	  without	  ± 	  SD	  indicate	  no	  difference	  among	  replications,	  n=4,	  except	  Off-­‐channel	  
n=2.*=no	  samples	  were	  taken	  during	  this	  period.	  Dashed	  line	  indicates	  detection	  limit	  (<0.002).	  
Water	  column	  nitrate+nitrite	  concentrations	  were	  also	  a	  small	  proportion	  of	  TN	  in	  all	  
waterholes	  throughout	  the	  dry	  season	  with	  Off-­‐channel	  once	  again	  showing	  an	  
increase	  at	  the	  end	  of	  the	  dry	  season	  (Figure	  4).	  The	  apparent	  increase	  in	  
nitrate+nitrite	  late	  in	  the	  dry	  season	  suggests	  possible	  nitrification	  of	  ammonia,	  
though	  this	  increase	  is	  significant	  only	  in	  Off-­‐channel	  waterhole	  and	  Ten-­‐mile	  bottom	  
samples	  (which	  were	  also	  the	  samples	  that	  showed	  elevated	  ammonium	  
concentrations	  at	  this	  time).	  Nitrifying	  bacteria	  grow	  slowly	  and	  take	  months	  to	  
become	  established	  (Tappe	  et	  al.	  1999).	  Closed	  water	  bodies	  such	  as	  waterholes	  
have	  long	  residence	  times	  and	  thus	  provide	  an	  ideal	  environment	  for	  slow-­‐growing	  
bacteria,	  provided	  ammonia	  and	  oxygen	  are	  available.	  	  
	  
	  
21	  
	  
Figure	  4	  Mean	  (± 	  SD)	  water	  column	  nitrate+nitrite	  concentrations	  in	  the	  waterholes	  over	  dry	  
season.	  Note	  –	  Bars	  without	  ± 	  SD	  indicate	  no	  difference	  among	  replications.	  (n	  =	  4,	  except	  Off-­‐	  
channel	  n	  =	  2).	  *=	  samples	  were	  not	  collected	  during	  that	  period.	  Dashed	  line	  indicates	  detection	  
limit	  (<0.001).	  
Phosphate	  concentrations	  showed	  an	  apparent	  decrease	  (less	  than	  one	  standard	  
deviation)	  over	  the	  dry	  season	  in	  all	  in-­‐channel	  waterholes,	  however	  Off-­‐channel	  
waterhole	  showed	  a	  mid-­‐dry	  season	  increase	  (Figure	  5).	  
	  
Figure	  5	  Mean	  (± 	  SD)	  water	  column	  phosphate	  concentrations	  in	  the	  waterholes	  over	  dry	  season.	  
Note	  –	  Bars	  without	  ± 	  SD	  indicate	  no	  difference	  among	  replications.	  (n	  =	  4,	  except	  Off-­‐channel	  n	  =	  
2).	  *	  =	  samples	  were	  not	  collected	  during	  that	  period.	  Dashed	  line	  indicates	  detection	  limit	  (<0.001).	  
Total	  nitrogen	  concentrations	  increased	  significantly	  over	  the	  dry	  season	  in	  all	  
waterholes	  with	  Off-­‐channel	  showing	  a	  considerable	  increase	  in	  the	  late	  dry	  (Figure	  
6).	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Figure	  6	  Mean	  (± 	  SD)	  water	  column	  total	  nitrogen	  concentrations	  in	  the	  waterholes	  over	  dry	  season	  
(n	  =	  4,	  except	  Off-­‐channel	  n	  =	  2).	  *	  =	  samples	  were	  not	  collected	  during	  that	  period.	  
In	  contrast,	  water	  column	  total	  phosphorus	  concentrations	  were	  low	  across	  all	  
waterholes	  with	  no	  considerable	  change	  over	  the	  dry	  season	  except	  for	  Off-­‐channel	  
waterhole	  in	  the	  late-­‐dry	  (Figure	  7).	  
	  
Figure	  7	  Mean	  (± 	  SD)	  water	  column	  total	  phosphorus	  concentrations	  in	  the	  waterholes	  over	  dry	  
season	  Note	  –	  Bars	  without	  ± 	  SD	  indicate	  no	  difference	  among	  replications,	  (n	  =	  4,	  except	  Off-­‐
channel	  n	  =	  2).	  *	  =	  samples	  were	  not	  collected	  during	  that	  period.	  Dashed	  line	  indicates	  detection	  
limit	  (<0.01).	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Total	  nitrogen	  across	  all	  waterholes	  during	  the	  mid-­‐	  and	  late-­‐dry	  consisted	  mainly	  of	  
particulate	  nitrogen	  (PN)	  and	  dissolved	  organic	  nitrogen	  (DON)	  (Figure	  8).	  Only	  a	  
small	  fraction	  was	  in	  dissolved	  inorganic	  form	  (NH4	  and	  NOX).	  
	  
Figure	  8	  Percentages	  of	  PN,	  DON,	  NH4,	  NOX	   in	  all	  waterholes	  during	  the	  mid-­‐	  and	   late	  dry	  (n	  =	  1).	  
MD	  =	  mid-­‐dry,	  LD	  =	  late-­‐dry.	  
Total	  phosphorus	  across	  all	  waterholes	  during	  the	  mid-­‐	  and	  late-­‐dry	  consisted	  mainly	  
of	  particulate	  phosphorus	  (PP)	  (Figure	  9).	  There	  were	  smaller	  fractions	  of	  dissolved	  
organic	  phosphorus	  (DOP)	  and	  filterable	  reactive	  phosphorus	  (FRP).	  	  
	  
Figure	  9	  Percentages	  of	  PP,	  DOP,	  FRP	  in	  all	  waterholes	  during	  the	  mid-­‐	  and	  late	  dry	  (n	  =	  1).	  MD	  =	  
mid-­‐dry,	  LD	  =	  late-­‐dry.	  
Water	  column	  chlorophyll	  a	  concentrations	  increased	  across	  most	  waterholes	  during	  
the	  dry	  season	  with	  Off-­‐channel	  showing	  a	  considerable	  increase	  in	  the	  late-­‐dry	  
season	  (Figure	  10).	  As	  we	  shall	  see	  in	  Section	  4.4,	  however,	  the	  increases	  in	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chlorophyll	  concentrations	  do	  not	  indicate	  increased	  phytoplankton	  biomass,	  except	  
in	  Off-­‐channel.	  The	  increased	  chlorophyll	  production	  in	  Off-­‐channel	  at	  the	  end	  of	  the	  
dry	  may	  be	  due	  to	  the	  increase	  in	  ammonia	  (Figure	  3).	  
	  
Figure	  10	  Mean	  (± 	  SD)	  water	  column	  chlorophyll	  a	  concentrations	  in	  the	  waterholes	  over	  dry	  season	  
(n	  =	  6,	  except	  Off-­‐channel	  n	  =	  3).	  *	  samples	  were	  not	  collected	  during	  that	  period.	  
Sediment	  chlorophyll	  a	  concentrations	  only	  increased	  in	  Stanley	  waterhole	  between	  
the	  mid-­‐	  and	  late-­‐dry	  (15	  –	  66	  mg	  L-­‐1)	  (Figure	  9).	  However,	  due	  to	  the	  high	  variation	  
between	  replicates	  there	  were	  no	  significant	  differences.	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Figure	  11	  Mean	  (±SD)	  sediment	  chlorophyll	  a	  concentrations	  in	  the	  waterholes	  over	  three	  sampling	  
periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  6,	  except	  Off-­‐channel	  n	  =	  3).	  
DOC	  concentrations	  increased	  in	  all	  waterholes	  except	  Seaward	  during	  the	  dry	  
season	  (Figure	  12).	  There	  was	  no	  clear	  trend	  in	  DIC	  concentrations	  in	  the	  waterholes	  
during	  the	  dry	  season.	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Figure	  12	  DOC	  and	  DIC	  concentrations	  in	  the	  waterholes	  over	  three	  sampling	  periods	  throughout	  the	  
2009	  dry	  season	  (n	  =	  1).	  
TSS	  concentrations	  almost	  doubled	  over	  the	  dry	  season	  in	  Stanley	  waterhole	  (28	  –	  56	  
mg	  L-­‐1),	  whilst	  all	  the	  other	  in-­‐channel	  waterholes	  were	  similar	  throughout	  the	  dry	  
season	  (Figure	  13).	  Concentrations	  in	  Off-­‐channel	  waterhole	  were	  higher	  than	  all	  in-­‐
channel	  waterholes	  over	  the	  dry	  season.	  Mean	  concentrations	  for	  the	  early-­‐dry,	  mid-­‐
dry	  and	  late-­‐dry	  sampling	  were	  169,	  66	  and	  304	  mg	  L-­‐1	  respectively.	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Figure	  13	  Mean	  (± 	  SD)	  water	  column	  total	  suspended	  solids	  concentrations	  in	  the	  waterholes	  over	  
three	  sampling	  periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  6,	  except	  Off-­‐channel	  n	  =	  3).	  
δ15N	  values	  decreased	  in	  the	  particulate	  organic	  matter	  (POM)	  in	  the	  water	  column	  
in	  all	  waterholes,	  ranging	  between	  4.8	  and	  -­‐2.6	  from	  the	  early-­‐	  to	  late-­‐dry	  (Figure	  
14).	  There	  was	  a	  high	  level	  of	  similarity	  in	  values	  between	  the	  waterholes.	  δ15N	  
values	  decreased	  in	  the	  waterhole	  sediments	  in	  Stanley	  and	  Off-­‐channel	  throughout	  
the	  dry	  season	  (Figure	  15).	  This	  suggests	  that	  nitrogen	  fixation	  by	  phytoplankton	  was	  
increasing	  important	  in	  this	  system	  (relative	  to	  sediment-­‐derived	  nitrogen),	  
reflecting	  that	  dissolved	  nitrogen	  was	  increasingly	  limiting	  for	  algal	  growth.	  The	  
other	  in-­‐channel	  waterholes	  showed	  no	  change	  over	  the	  course	  of	  the	  dry	  season.	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Figure	  14	  Mean	  (±SD)	  δ15N	  values	  of	  the	  water	  column	  in	  the	  waterholes	  over	  three	  sampling	  
periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  2,	  except	  Off-­‐channel:	  early	  dry	  n	  =	  3;	  mid-­‐	  and	  late-­‐dry	  
n	  =	  1).	  
	  
Figure	  15	  Mean	  (±SD)	  δ15N	  values	  of	  waterhole	  sediments	  over	  two	  sampling	  periods	  throughout	  
the	  2009	  dry	  season	  (n	  =	  4).	  
There	  was	  a	  high	  degree	  of	  similarity	  in	  phosphorus	  concentrations	  in	  the	  sediments	  
between	  the	  waterholes	  during	  the	  early-­‐	  and	  late-­‐dry,	  with	  the	  exception	  of	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Stanley,	  which	  had	  much	  lower	  sediment	  phosphorus	  concentrations	  during	  the	  late-­‐
dry	  (Figure	  16).	  
	  
Figure	  16	  Mean	  (± 	  SD)	  phosphorus	  concentrations	  of	  waterhole	  sediments	  over	  two	  sampling	  
periods	  throughout	  the	  2009	  dry	  season	  (n	  =	  4).	  
δ15N	  values	  in	  the	  floodplain	  soils	  were	  higher	  at	  the	  most	  upstream	  site	  (Stanley),	  
with	  values	  decreasing	  at	  each	  in-­‐channel	  waterhole	  downstream	  respectively	  
except	  for	  Off-­‐channel	  (Figure	  17).	  Floodplain	  soil	  δ15N	  values	  were	  lower	  than	  
sediment	  δ15N	  values	  in	  adjacent	  waterholes,	  highlighting	  the	  importance	  of	  N	  
fixation	  in	  these	  soils,	  while	  in	  sediments,	  internal	  recycling	  of	  nitrogen	  elevated	  the	  
values.	  
	  
Figure	  17	  Mean	  (±SD)	  δ15N	  values	  in	  floodplain	  soils	  adjacent	  to	  waterholes	  during	  the	  mid-­‐dry,	  
2009	  (n	  =	  4).	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Phosphorus	  concentrations	  in	  floodplain	  soils	  were	  highest	  at	  Ten-­‐mile,	  followed	  by	  
Stanley	  (Figure	  18).	  The	  remaining	  waterholes	  showed	  similar	  lower	  concentrations.	  
This	  pattern	  is	  not	  reflected	  in	  the	  phosphorus	  concentrations	  of	  waterhole	  
sediments	  (Figure	  16).	  
	  
Figure	  18	  Mean	  (± 	  SD)	  phosphorus	  concentrations	  in	  floodplain	  soils	  adjacent	  to	  waterholes	  during	  
the	  mid-­‐dry,	  2009	  (n	  =	  4).	  
4.2. Fish and crustacean measures 
From	  all	  three	  sampling	  periods	  during	  the	  2009	  dry	  season	  a	  combined	  total	  of	  22	  
species	  and	  3050	  individual	  fish	  were	  caught	  using	  fyke	  nets	  (Table	  3	  and	  Table	  4).	  
Species	  caught	  represented	  two	  trophic	  feeding	  groups;	  carnivorous	  and	  omnivorous	  
(Pusey	  et	  al.	  2000;	  Allen,	  Midgley	  et	  al.	  2002)	  (Table	  4).	  The	  highest	  catch	  was	  
recorded	  in	  the	  early-­‐dry	  sampling	  period	  with	  the	  mid-­‐dry	  and	  late-­‐dry	  decreasing	  
consecutively.	  The	  highest	  catch	  across	  all	  three	  sampling	  periods	  was	  in	  Seaward	  
(1359),	  whilst	  the	  lowest	  across	  all	  three	  sampling	  periods	  was	  in	  Ten-­‐mile	  (153).	  A	  
combined	  total	  of	  362	  crustaceans	  were	  also	  caught	  in	  the	  fyke	  nets	  (Table	  4).	  
Freshwater	  crabs	  (Austrothelphusa	  transversa)	  and	  juvenile	  (<	  50	  mm)	  cherabin	  (M.	  
rosenbergii)	  were	  only	  caught	  in	  Off-­‐channel.	  Red-­‐claw	  (Cherax	  quadricarinatus)	  and	  
adult	  cherabin	  (M.	  rosenbergii)	  (>	  50	  mm)	  were	  caught	  in	  all	  in-­‐channel	  waterholes.	  
Table	  3	  Total	  fish	  catch	  for	  all	  waterholes	  during	  the	  2009	  dry	  season	  based	  on	  three	  fyke	  nets.	  *	  =	  
two	  fyke	  nets;	  ^	  =	  two	  smaller	  fyke	  nets.	  
Waterhole	   Early-­‐dry	   Mid-­‐dry	   Late-­‐dry	   TOTAL	  
Stanley	   246	   65*	   68	   381	  
Ten-­‐mile	   48	   41	   63	   153	  
Seaward	   740	   514	   101	   1359	  
Williams	   484	   205	   36	   728	  
Off-­‐channel	   259	   141*	   39^	   439	  
TOTAL	   1777	   966	   307	   3050	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All	  waterholes	  showed	  similar	  temporal	  declines	  in	  total	  catch	  per	  unit	  effort	  (CPUE)	  
with	  the	  exception	  of	  Ten-­‐mile	  waterhole	  where	  CPUE	  was	  comparable	  during	  each	  
sampling	  period	  (Figure	  19).	  Three	  fykes	  were	  used	  on	  all	  sampling	  occasions	  except	  
Stanley	  and	  Off-­‐channel	  in	  the	  mid-­‐dry	  (two	  fykes),	  and	  two	  smaller	  fykes	  in	  Off-­‐
channel	  in	  the	  late-­‐dry.	  
	  
Figure	  19	  Total	  CPUE	  of	  all	  22	  species	  in	  all	  waterholes	  during	  the	  three	  sampling	  periods	  over	  the	  
2009	  dry	  season	  based	  on	  large	  fyke	  nets	  except	  for	  Off-­‐channel	  late-­‐dry	  where	  smaller	  fyke	  nets	  
were	  used.	  
There	  was	  no	  clear	  trend	  in	  fish	  biomass	  across	  all	  waterholes	  during	  the	  2009	  dry	  
season	  (Figure	  20);	  i.e.	  while	  fish	  numbers	  declined	  over	  the	  course	  of	  the	  dry	  
season,	  fish	  biomass	  showed	  no	  such	  trend.	  
	  
	  
32	  
	  
Figure	  20	  Standardised	  total	  biomass	  all	  fish	  caught	  in	  all	  waterholes	  during	  the	  three	  sampling	  
periods	  over	  the	  2009	  dry	  season	  based	  on	  large	  fyke	  nets	  except	  for	  Off-­‐channel	  late-­‐dry	  where	  
smaller	  fyke	  nets	  were	  used.	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Table	  4	  Species	  list	  of	  total	  fish	  and	  crustacean	  catch,	  biomass	  (g)	  and	  trophic	  feeding	  group,	  -­‐	  =	  no	  
data.	  
Scientific name Common name Catch Biomass (g) Trophic feeding group 
Amniataba percoides barred grunter 4 27  Omnivorous 
Anodontiglanis dahli toothless catfish 56 1008 Ominivorous 
Brachirus salinarum saltpan sole 2 14 Carnivorous 
Glossamia aprion mouth almighty 3 25 Carnivorous 
Kurtus gulliveri  nurseyfish 8 1283  Carnivorous 
Lates calcarifer barramundi 5 5550 Carnivorous 
Leiopotherapon unicolor spangled perch 4 26  Omnivorous 
Megalops cyprinoides tarpon 1 51  Carnivorous 
Melanotaenia splendida 
eastern 
rainbowfish 115 278  Omnivorous 
Nematalosa erebi bony bream 319 4875 Omnivorous 
Neoarius berneyi Berney's catfish 41 630  Omnivorous 
Neoarius graeffei blue catfish 86 10559  Omnivorous 
Neoarius midgleyi 
shovel-nosed 
catfish 9 5778  Omnivorous 
Neosilurus ater black catfish 13 214  Omnivorous 
Neosilurus hyrtlii Hyrtl's tandan 350 2999  Omnivorous 
Oxyeleotris lineolata sleepy cod 36 12832 Omnivorous 
Oxyeleotris selheimi giant gudgeon 1 392 Omnivorous 
Parambassis gulliveri giant glassfish 1963 6609  Carnivorous 
Pristis microdon sawfish 1 - Carnivorous  
Scortum ogilbyi Gulf grunter 15 369  Carnivorous 
Thryssa scratchleyi 
freshwater 
anchovy 1 65  Omnivorous 
Toxotes chatareus 
seven-spot 
archerfish 17 266  Omnivorous 
  TOTAL 3050 53849   
Austrothelphusa 
transversa freshwater crab 81 1267  Omnivorous  
Cherax quadricarinatus red claw 5 184  Omnivorous 
Macrobrachium 
rosenbergii cherabin 276 16313  Omnivorous 
  TOTAL 362 17764   
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Length-­‐weight	  relationships	  for	  P.	  gulliveri	  (Figure	  21)	  and	  N.	  erebi	  (Figure	  22)	  
indicated	  no	  changes	  in	  fish	  condition	  during	  the	  dry	  season.	  
	  
Figure	  21	  Length-­‐weight	  relationship	  of	  P.	  gulliveri	  in	  all	  waterholes	  throughout	  the	  2009	  dry	  
season.	  
	  
Figure	  22	  Length-­‐weight	  relationship	  of	  N.	  erebi	  in	  all	  waterholes	  throughout	  the	  2009	  dry	  season.	  
There	  was	  no	  clear	  temporal	  trend	  in	  zooplankton	  abundance	  (Figure	  23).	  However,	  
Seaward	  differed	  from	  Ten-­‐mile	  and	  Off-­‐channel	  waterholes	  in	  zooplankton	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abundance.	  The	  highest	  abundance	  was	  recorded	  at	  Off-­‐channel	  in	  the	  late-­‐dry	  
season,	  whilst	  the	  lowest	  was	  recorded	  in	  Seaward	  throughout	  the	  dry	  season.	  
Seaward	  also	  had	  the	  lowest	  chlorophyll	  concentrations	  (Figure	  10)	  and	  amongst	  the	  
highest	  fish	  biomasses	  (Figure	  20)	  of	  all	  the	  waterholes,	  so	  the	  low	  zooplankton	  
numbers	  in	  this	  waterhole	  could	  be	  due	  to	  either	  bottom-­‐up	  control	  (and	  
competition	  for	  food	  with	  omnivorous	  fish)	  or	  top-­‐down	  control	  (i.e.	  predation).	  
Zooplankton	  were	  dominated	  by	  copepods	  but	  no	  size	  fractionation	  was	  done	  so	  it	  is	  
not	  possible	  to	  differentiate	  feeding	  patterns.	  
	  
Figure	  23	  Zooplankton	  dry	  weight	  for	  all	  waterholes	  over	  the	  three	  sampling	  periods	  during	  the	  
2009	  dry	  season	  (n=2,	  except	  for	  Off-­‐channel	  late-­‐dry	  n=1).	  
4.3. Process studies 
4.3.1. Water column primary productivity 
In	  October	  2009	  (late	  dry-­‐season),	  depth-­‐integrated	  primary	  productivity	  rates	  were	  
similar	  amongst	  the	  on-­‐channel	  waterholes	  (Figure	  24),	  while	  Off-­‐channel	  waterhole	  
had	  substantially	  higher	  productivity.	  Although	  more	  turbid,	  Off-­‐channel	  waterhole	  
was	  also	  substantially	  shallower	  than	  the	  in-­‐channel	  waterholes,	  so	  increased	  light	  
availability	  may	  have	  been	  a	  factor.	  In	  view	  of	  the	  nutrient	  addition	  experiment	  
results,	  however	  (Section	  4.3.1)	  and	  the	  fact	  that	  sediment	  chlorophyll	  was	  not	  
higher	  in	  Off-­‐channel	  than	  in	  the	  other	  waterholes	  (Figure	  11),	  it	  seems	  more	  likely	  
that	  the	  high	  production	  in	  Off-­‐channel	  waterhole	  was	  a	  consequence	  of	  the	  
elevated	  ammonium	  concentrations	  (Figure	  3)	  in	  this	  waterhole	  at	  the	  time	  of	  the	  
October	  2009	  sampling.	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Figure	  24	  Depth-­‐integrated	  primary	  production	  for	  all	  waterholes	  in	  October	  2009	  
4.3.1. Nutrient addition experiments 
Algal	  photosynthetic	  yield	  responded	  to	  nitrogen	  and	  to	  nitrogen	  plus	  phosphorus	  
addition	  in	  all	  waterholes	  except	  Off-­‐channel	  waterhole,	  which	  had	  the	  highest	  
nutrient	  concentrations	  and	  chlorophyll	  a	  concentrations	  (Figure	  25).	  	  These	  results	  
suggest	  that	  additional	  inputs	  of	  nitrogen,	  or	  nitrogen	  and	  phosphorus,	  will	  result	  in	  
a	  growth	  response	  in	  the	  algal	  community	  in	  the	  waterholes.	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Figure	  25	  Photosynthetic	  yield	  response	  of	  phytoplankton	  for	  all	  waterholes	  measured	  in	  October	  
2009.	  
4.4. Nitrogen and Phosphorus Budgets 
Waterhole	  volumes	  (shown	  as	  lines	  in	  Figure	  26	  and	  Figure	  27)	  declined	  steadily	  
across	  the	  surveys	  as	  a	  result	  of	  evaporation.	  The	  implied	  evaporation	  rate	  was	  
approximately	  uniform	  across	  the	  whole	  study.	  	  Note	  that	  the	  time	  between	  survey	  2	  
(mid-­‐dry)	  and	  survey	  3	  (late-­‐dry)	  was,	  at	  ~40	  days,	  around	  half	  the	  ~80	  days	  between	  
survey	  1	  (early-­‐dry)	  and	  survey	  2,	  so	  there	  was	  a	  smaller	  drop	  in	  volume	  between	  
surveys	  2	  and	  3	  than	  between	  surveys	  1	  and	  2.	  	  
The	  in-­‐channel	  waterholes	  (Williams,Ten-­‐mile,	  Stanley,	  and	  Seaward)	  show	  
substantially	  the	  same	  behaviour	  for	  both	  nitrogen	  and	  phosphorus.	  Total	  nitrogen	  
in	  these	  waterholes	  declined	  by	  about	  a	  third	  between	  the	  early-­‐	  and	  mid-­‐dry-­‐season	  
and	  did	  not	  significantly	  change	  between	  the	  mid-­‐	  and	  late-­‐dry-­‐season	  surveys.	  In	  
the	  early	  part	  of	  the	  dry	  season,	  TP	  showed	  a	  greater	  proportional	  decline	  than	  TN,	  
which	  may	  indicate	  some	  replenishment	  of	  water	  column	  nitrogen	  by	  nitrogen	  
fixation.	  	  The	  loss	  of	  nitrogen	  and	  phosphorus	  between	  the	  first	  and	  subsequent	  
surveys	  is	  likely	  due	  to	  gradual	  settling	  out	  and	  sedimentation	  of	  refractory	  
particulate	  material	  after	  flows	  ceased.	  
Off-­‐channel	  waterhole	  showed	  a	  greater	  initial	  decline	  in	  both	  TN	  and	  TP,	  but	  a	  
subsequent	  slight	  increase	  in	  the	  late	  dry	  season	  associated	  with	  a	  slight	  increase	  in	  
chlorophyll-­‐associated	  nutrient	  mass.	  As	  with	  other	  observed	  differences,	  this	  may	  
be	  a	  consequence	  of	  the	  shallower	  depth	  of	  Off-­‐channel	  waterhole	  (maximum	  depth	  
0.84	  m	  in	  the	  late-­‐dry	  compared	  with	  2.88	  m	  for	  the	  shallowest	  in-­‐channel	  
waterhole),	  with	  more	  rapid	  sedimentation	  losses	  and	  greater	  variability	  due	  to	  
wind-­‐induced	  resuspension.	  Off-­‐channel	  waterhole	  was	  also	  evidently	  disturbed	  by	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cattle,	  which	  could	  also	  explain	  the	  increase	  in	  TN,	  TP	  and	  ammonium	  mass	  between	  
the	  second	  and	  third	  surveys.	  
Although,	  as	  we	  have	  already	  seen	  (Figure	  10),	  chlorophyll	  concentrations	  increased	  
over	  the	  course	  of	  the	  dry	  season,	  the	  mass	  of	  nitrogen	  and	  phosphorus	  associated	  
with	  chlorophyll	  remained	  approximately	  constant	  across	  the	  three	  surveys	  in	  the	  in-­‐
channel	  waterholes,	  and	  well	  exceeds	  the	  concentration	  of	  dissolved	  nutrients.	  
There	  was	  a	  small	  amount	  of	  FRP	  evident,	  but	  little	  NOx	  or	  NH4,	  consistent	  with	  the	  
finding	  (Section	  4.3.1)	  that	  nitrogen	  is	  the	  more	  limiting	  nutrient.	  	  By	  the	  time	  of	  the	  
first	  survey,	  phytoplankton	  biomass	  in	  each	  on-­‐channel	  waterhole	  had	  already	  
reached	  its	  maximum,	  with	  further	  growth	  constrained	  by	  the	  availability	  of	  
dissolved	  nitrogen.	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Figure	  26	  Nitrogen	  mass	  in	  Flinders	  River	  water-­‐holes.	  Surveys	  1,	  2,	  and	  3	  refer	  to	  the	  surveys	  in	  
early	  June	  2009,	  late	  August	  2009,	  and	  early	  October	  2009,	  respectively.	  In	  each	  case,	  the	  bars	  
represent	  the	  total	  mass	  of	  a	  particular	  nutrient	  species	  calculated	  as	  the	  product	  of	  its	  measured	  
concentration	  and	  the	  estimated	  waterhole	  volume	  at	  the	  time	  of	  each	  survey.	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Figure	  27	  Phosphorus	  mass	  in	  Flinders	  River	  waterholes.	  Surveys	  1,	  2,	  and	  3	  refer	  to	  the	  surveys	  in	  
early	  June	  2009,	  late	  August	  2009,	  and	  early	  October	  2009,	  respectively.	  In	  each	  case,	  the	  bars	  
represent	  the	  total	  mass	  of	  a	  particular	  nutrient	  species	  calculated	  as	  the	  product	  of	  its	  measured	  
concentration	  and	  the	  estimated	  waterhole	  volume	  at	  the	  time	  of	  each	  survey.	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5. Conceptual Model 
In	  October	  2010,	  we	  coordinated	  a	  workshop	  to	  draw	  together	  researchers	  from	  across	  the	  
TRaCK	  research	  hub	  with	  an	  interest	  in	  the	  Flinders	  River.	  	  Participants	  worked	  together	  to	  
develop	  a	  conceptual	  model	  of	  physical,	  biogeochemical	  and	  ecological	  function	  of	  the	  
Flinders	  River	  in	  the	  wet	  season,	  early	  dry-­‐	  and	  late	  dry-­‐season.	  	  The	  results	  are	  presented	  in	  
Figure	  28.	  This	  figure	  incorporates	  findings	  from	  the	  present	  project	  (TRaCK	  4.3)	  as	  well	  as	  
TRaCK	  project	  5.2	  and	  the	  DERM	  hydrological	  modelling	  project.	  Where	  direct	  observational	  
data	  are	  not	  available	  for	  the	  Flinders	  River,	  hypotheses	  have	  been	  made	  by	  analogy	  to	  
similar	  rivers	  (the	  Mitchell	  and	  Copper	  Rivers)	  were	  data	  where	  available.	  
	  
	  
Figure	  28	  Conceptual	  model	  of	  hydrology,	  nutrients	  and	  light,	  primary	  production,	  zooplankton	  and	  fish	  in	  
the	  Flinders	  River.	  Thanks	  to	  Dominic	  Valdez	  (Griffith	  University)	  for	  compiling	  this	  figure	  from	  the	  workshop	  
notes	  and	  to	  Tim	  Jardine	  (Griffith	  University),	  Richard	  Hunt	  and	  Jonathon	  Marshall	  (Government	  of	  
Queensland,	  DERM),	  who	  also	  joined	  the	  authors	  of	  this	  report	  in	  constructing	  this	  conceptual	  model	  during	  
this	  workshop.
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6. Conclusions  
Our	  results	  indicate	  that	  phytoplankton	  production	  in	  Flinders	  River	  waterholes	  is	  
limited	  primarily	  by	  low	  concentrations	  of	  nitrogen	  and	  phosphorus	  in	  readily	  
available	  forms.	  	  This	  contrasts	  with	  previous	  results	  (Leigh	  2008)	  which	  had	  found	  
that	  nutrient	  concentrations	  were	  relatively	  high	  and	  suggested	  top-­‐down	  control	  of	  
algal	  biomass	  by	  grazers.	  	  Our	  results	  suggest	  that	  any	  increase	  in	  nutrient	  loads	  to	  
the	  system	  at	  the	  end	  of	  the	  wet	  season	  or	  during	  the	  dry	  season	  is	  likely	  to	  result	  in	  
increased	  algal	  growth	  and	  reduced	  water	  clarity.	  
Much	  of	  the	  water	  column	  nutrient	  store	  present	  at	  the	  start	  of	  the	  dry	  season	  (early	  
June	  2009)	  was	  not	  in	  a	  readily	  bioavailable	  dissolved	  inorganic	  form.	  	  Most	  of	  the	  
phosphorus	  and	  a	  high	  proportion	  of	  the	  nitrogen	  was	  in	  particulate	  form	  and	  
appears	  to	  have	  settled	  gradually	  to	  the	  sediments	  after	  the	  cessation	  of	  flow.	  A	  
study	  of	  sediment	  nutrient	  processes	  to	  complement	  the	  present	  study	  would	  be	  
needed	  to	  confirm	  this	  and	  to	  complete	  the	  picture	  of	  nutrient	  cycles	  in	  these	  
waterholes.	  
Although	  total	  nitrogen	  and	  phosphorus	  concentrations	  were	  still	  relatively	  high	  at	  
the	  end	  of	  the	  2009	  dry	  season,	  dissolved	  inorganic	  nitrogen	  and	  phosphorus	  
concentrations	  were	  low,	  with	  most	  of	  the	  available	  nutrient	  store	  already	  taken	  up	  
by	  phytoplankton	  at	  the	  time	  of	  our	  first	  survey	  in	  the	  early	  dry	  season.	  	  The	  increase	  
in	  total	  nitrogen,	  phosphorus	  and	  chlorophyll	  a	  concentrations	  at	  several	  waterholes	  
as	  the	  dry	  season	  progressed	  was	  due	  to	  the	  simple	  physical	  process	  of	  evapo-­‐
concentration	  as	  waterhole	  volumes	  declined,	  rather	  than	  additional	  nutrient	  
sources,	  such	  as	  release	  from	  sediments.	  Nitrogen,	  phosphorus	  and	  chlorophyll	  
biomass	  did	  not	  increase.	  
Analysis	  of	  sediments	  in	  the	  waterholes	  showed	  that	  the	  sediments	  originate	  almost	  
entirely	  from	  subsoil	  sources	  such	  as	  stream	  bank	  and	  gully	  erosion	  (G.	  Caitcheon,	  
pers.	  comm.)	  and	  it	  is	  likely	  that	  nutrients	  present	  in	  waterholes	  at	  the	  start	  of	  the	  
dry	  season	  are	  associated	  with	  these	  erosive	  products.	  	  Studies	  in	  the	  estuary	  during	  
the	  wet	  season	  have	  shown	  that	  the	  catchment	  has	  high	  concentrations	  of	  
phosphorus	  associated	  with	  soil	  in	  comparison	  with	  adjacent	  catchments	  (M.	  
Burford,	  pers.	  comm.).	  Further	  work	  is	  needed	  to	  determine	  the	  controls	  on	  nutrient	  
sources	  to	  the	  system	  (e.g.	  the	  degree	  to	  which	  bank	  erosion	  is	  enhanced	  by	  cattle).	  
Fish	  abundance	  declined	  at	  all	  sites	  over	  the	  course	  of	  the	  dry	  season,	  while	  the	  
average	  per-­‐fish	  biomass	  increased.	  This	  probably	  reflects	  the	  effects	  of	  predation	  on	  
the	  overall	  fish	  population	  as	  juvenile	  fish	  present	  at	  the	  start	  of	  the	  dry	  season	  
grow.	  There	  was	  no	  evidence	  for	  top-­‐down	  control	  of	  algal	  biomass	  (i.e.	  control	  by	  
grazing)	  but	  benthic	  algae	  was	  shown	  to	  be	  an	  important	  food	  source	  for	  fish	  (T.	  
Jardine,	  pers.	  comm.).	  	  
The	  differences	  between	  the	  off-­‐channel	  waterhole	  and	  the	  in-­‐channel	  waterholes	  
indicate	  the	  importance	  of	  depth	  in	  determining	  water	  quality.	  Shallower	  waterholes	  
are	  not	  only	  subject	  to	  the	  possibility	  of	  drying	  out	  over	  the	  course	  of	  the	  dry	  season,	  
but	  are	  also	  subject	  to	  greater	  temperature	  fluctuations	  and	  more	  rapid	  changes	  in	  
nutrient	  concentrations	  and	  productivity.	  Additionally,	  the	  off-­‐channel	  waterhole	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was	  more	  readily	  accessed	  by	  cattle,	  with	  the	  associated	  increase	  in	  trampling	  and	  
nutrient	  inputs.	  The	  sites	  considered	  in	  this	  study	  were	  chosen	  in	  part	  for	  
permanence	  and	  accessibility	  throughout	  the	  dry	  season,	  and	  are	  thus	  likely	  to	  be	  
deeper	  than	  the	  average	  waterhole	  in	  the	  Flinders	  River.	  
It	  is	  likely	  that	  most	  of	  the	  findings	  presented	  in	  the	  conceptual	  model	  of	  the	  Flinders	  
River	  (Figure	  28)	  also	  apply	  to	  other	  seasonal	  rivers	  in	  Australia’s	  wet-­‐dry	  tropics.	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